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1.0 SOMMATY

0C0-1IT experienced en oscillation in the roll control channel.
The oscillation or limit cycle was the result of the FP-5 and EP-6 bocm
motion coupling into the centrol channel. The ogeillation vas sus-
tained much ¢f the tlme by the roll reaction wheel. This resulted in
o high duty cycle of the roill whecl which eventuslly caused the motor
driver magnetic omplifiler to fail, shorling the dnverter wvhich supplies
the Attitude Control Subsystem (ACS). This caused loss of eerth stab-
ilization capability.

The purpose of this report is to bring together under one cover

toted by the CGO-TIIX

failnre. This effort included; (1) en 8)61"‘ iy of tho CGO-ITT and

major portions of the analysis etfort prec

0GO-I1 {light data to determine the nature and extent of the roll os-

cillation ¢ (2) design enalysis of the complete ACS 4o

Liom cooillakion ahearved on (OOTTT, (Q) sneloz stmlations in verlify

the performance of thP design changes sgelected.

In this report selected portions of CGO-IXT and CGO-IT flignt data
are 1llustrated and the major flexible body oscillations ldentified.
A model of the major flexible aprpendage dyncmics ig developed snd
shoun ansa. yticalxj gnd through enalog simulatlons to reproduce the
0GO-~1IT oscillation phenowmens. One mode of oscillation which waa

cbserved in the flight data could not be verified Yy simmlation.

The analysis;an& T tibnalébehind the design changes evolved to
prevent oscillations in fubture spacecraft is presented. Flnally, the
regults of analog simulations mede to verlfy the stabllity and dete
mine the performence charactaristics of the ACS with the design chonges

are presented.



The design changes which were found neceszary were

1. A reversal delay logic for the roll reaction wheels. This
logic prevents the roll wheel from reversing its torque
direct 1on for 5 saccnds. Thus, the wheel can not sustain a

limit cycle of the type observed on OCO-TII.

Widening of the solar arvay deadzone from 0.5 te 1.0 deg.

N

Worst case studies shoved the arroy might coast across the
0.5 deg deadzone and limit cycle on its own. The deadzcne

wves widenad to prevent this.

3. Modification of the CPEP control icop to include a filter
and stabilizing leedback lcops. The OFEP ozciilated in
sysrpathy with the roll oscillationst.ﬂb the errvor signal was

filtered to reduce OPEP seusitivity to spacecraft motlion.

The design changen which weve found desirable, i.e. provided in-

d
.)

- v ¥ - BT T TP -
-u.L\;i;I.-'-_*CS Ui amy et 300 R S T S TR PO R D S P T S S Yo

1&2. A reversal delay logic for the yaw reaction wheel and
increasing the yau gas deadrone from 2.5 to 5.0 deg. Stab-
ility analysis showed that t ¢ yaw system could sustein s
1limit cycle in the same manner as tha roll chennel if the
boom dsmping was very low. Tous these chuuﬂes vere made to

improve the ACS flexible boedy stability margins.

Reversal delay lozic for the array drive. The avray vas

w

observed to cscillate in sympatny with the roll cacilliations
on GGO-III. Although the wider array deadzonz should have
prevented any Tuture oscillation, the delsy loglic was added

for insurance.

1-2



2.1 HISTOKY

OGO IIT wes launched 7 June 1966 from Cape Kennedy. The space-
craft was injected precisely into an EGO orbit with 146 neutical mile
perigee, 60,200 nautien ) mile spogee and orblt peried of 48 hours 37
minuwtes, Tha ACS procp dad smoothly through sun scquislticn. The
gspacecraft was h=1ld in the sun pointing mode untll horizon scanner
and ACS operation could be assessed. Whe n 1t was determined that
operation was ncalaal, the ACS was relessed from its sun pointing mode
ond earth acquisition was accomplishad earily. TFrom this point throughn
thé approach to the flrst periges (2 deys later) ACS operati n ves
noreol end without incident. During spproach to the first perig&o at
an altitude of approximately 2800 nautical miles, the roll reactilon
wherl began to exhibit s back-and-Torth pulsing characteristic. This
motion togon to build slowly in wnplitude vntll a definite Limith cyvele
conld ha abaavved in the voll vheel tochomebzr with o neriod of g
proximately 2.5 szconds. Approximately 37 minutes later the csclilation
emplitude haed growm Sufficiently so that the pneumatics also started
lindt cycling. A few minutes later the solar array drive also began
to pulse back and forth in sympathy wilth the osclllation. The roll
ervor Siznal amplltude resched & maxizmum asmiitude of 0.6 degree poak-

to-peak.

"As s s00n as *hP ras aotivity was confirmed on thg “ground a coomand
was at .to lPBC"L the gas delay loglec. Thie prevented the pneuastics
from participating in the oscillatlion. Through the resction wheels
continued to sustain the oscillation, the amplitude decressed puffic-
lently so that the arrsy stopped oscillating. As the spscecraft
approached apogee the roll reaction whecl actlvity ceased but reappsared
agein as the spacecrafi agnin aporoached perigee. Thigs behavior con-
tinued to repeat itself on succeeding orbits. The oscillation amp-
litude when driven by reaction wheels alons, was too small to be det-

~ >

ected in the roll telemetry signal, thus the osciliation was not



¥
affecting cvarall pointing accuracy of thz ACS. A deteilled descript-

ion of the initlsl ACS oparetlon 18 glveh in Reference 2-

Studles have confirmed that the ACS limit cycling wag the result
of the EP-5 and EP~6 experiment boom netion coupling into the ACS error
8ignels. Tha% ig, bounded Bcillxribnb were created and sustained by
the ACS gt the flexihle body frequency of the combined system of EP~5
and FP-6 bocms snd maln box. These studles have elso shown one of the

rajor contrivutora 10 the initlal cxeltation of boom motion was the

solar array drive sysicm.

On July 23, 16856, OGO IIT experienced a serdous ACS failure which
cavsed the loss of eeprth stablliuation capabllity. An Inbtensive effort

wvas dnmediately undertaken to igolste the primory feilure and to deter-

mine the potentisl impect on the CU0-D spacccralte

It was concluded that the primary failure occurrzd 1n the roll

. 4
.3 PO, $ 4 a2 I PN A bodor 3 - ~ - e
wheel mogmetic emplifier in the Attitude Ceatrol Ascembly \ACA}. The
ISRV B B o B 5 (O, TP PO - ie RPN
mog onps are eawpicged D Uhao ACCA o supnly deive fo the reaction

wheels. A short condition in the mag amp overloaded the ACS iaverter
and eve 1LLL]lJ cansed that unit tc fall. TITb was also concluded then
the high duty cycle encountered in-the roll channel due to the boom
oscill&uion provlei probably sgeelsrated the feilure of the wmsg amp

although thils in itself should not nave coused a fallure

A detalled discussion of the magnetic amplifier failure analysis
18 given in References 2-2 and 2-3. It was found from these studies

that the high duty cycle encduntered in the roll chanuel due to the

jaJ]

boom ACS csclllation overheated the magnetic amplifier gnd eventually
cgused 1ts failure. Therefore, two courses of sctlon evolved. One
vas the redesign of the magnetic anplifiers to insure that they would
withstand a high duty cycle. The second was to determine ACS mod-

9.
I3

ifications which would elinminale the boom - ACS oscillation problem.

This report 15 concerned exclusively with the latter problem.

2-2



2.2 030 FLEXIDLE DYNAMICS

Maure 2-1 is a sketeh of CGO with the major flexidle appendages
shown. The EP.5 and O boums have nearly equal centilever natural fre-
quencies of 0.2k c¢ps. The boom torsional modes were adjvdged to be an
insignificant dynamic effect. The solar arrays have a cantllever bend-
ing nstural Trequency of 1.76 cps end a torsionsl frequancy of 0.68
cpz  (Reference 2-4). The Haddoek Antenns hes a cantilever natursl

frequency of 0.023 cgs.

&

An analysis of the FP-5 and EP-0 boans end the main box structure

showed that there are two primary modes of oseillatlicn about the roil

e

axis alt the frequencles of interest. The bvending wedes snd {req-

ucrcies arve showa in Plpare 2-2. The filvet bonding mede yilelds a
bending frequency near that of the centilevered boom frequency {0.24
cps). It does not;, however, result in rotalion of the wain box siruc-

ture end thug cannot be sensed by the oonbrol system zensors. The

.

H he)
zconnd bending wode (O,q doca wesult du box rotatlons zed can he

-

xcited by torques con the maldn box such as those prodused by the ve-

4

action wheels, gas Jats snd solor arrey drives It wvas this second
bending mode frequency (0.h2 cps) that was observed dun “Ing the GGO
©
ITT f1lignt.
A simplified bleck dlagram ror the 1roll sxls ACS elemanbs is

shown in Flgure 2-3. The

will e discussad in the succecding ticns. 18 of importmice
to note that there are thr?m tos3ible sources of becom excitation:

nanely the wbeelu, gas J°t8 end solar arvay drive.

2.3 CORTFITS OF VIrcRTU

The sectiong whleh Tellcy contain tniled discusslona of vir.-
tually all of the analysis pearformed in support of the ACS redeasim
that was precipiltated by the CG0-IIT failuvre. Hot included in this
ropcrt are the anslysis and dealign detalls relsting to the hardvars

copponent vedesirn. The hardvers chonges to the ACS included the re-

dasign of the wotor driver v
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3 .

bistable magnetic anplifilers and certoln cireuil design jswrovements.

Section 3.0 contains exemples and snalysis of f'ig.t gota from
OGO-IIT aﬁd CGO-T1L whiech velate to the boom oscillation problem. A
model of the beom dynamics iz develoged in Section h,O and snalyzed

to shou the causes of .the roll oscillation observed on OZ0-IIT. In
turn the valildlty of the boom dynemlcs model 1s demonstrabad by com-
parison of the model respoase characterlstics to the CCO-IIX flight
dstn, In Seclicn 5.0 1s & discuoslion cof the design conslderations

and analyszis whilch lezd to the selection of the ACS modifications.

The necessity for chenges in {he pltch and yawv control channels in
eddition to roll wes explorad. Section 6.C contrins vesulits of unalog
shtmiiation studies nmnde Lo verify the mperforuance and

a3, A

eech 0f the ACS chenneis {piteh roil and vew) with t

o

N
i
~J



3.0 FE EORNTATION AND ANALYSIS OF FLIGHT DATA

301  SUMMARY OF FLICGHT DATA ANALYSIS

The CGO flight data was reviewed in an effort to identlfy sll
manifestations of oscillatory behavior and to understand the date in
sufficient detail to effect corrective design modifications. .To this
end flight date from hoth OGO IT and GGO IIT was examined. Various
filters and scale expansion were applied to gquantities of specidl in-
terest. Particular atlention was pald to the known areas or ancmalous
behavicr, namely the oscillatory motlons in the roll zad zolar erray

control systons.

3.4  TELEMETRY DATA HBVIEWED

-

The CGO telemetry data availnble for analysis occurs in mﬁﬁy forms,
encompessing many coenditions of orbit. For detailed review, however,
only dats taken durlng "interesting' periods and at high semple rotes
is useful. Signals indlcating the significant Tiexible body osciliim-
tions must be semplced oftener than once each second to be useful and
motor drive phasing information requires still more Tregquent saumpling.

In general the kinds of data reviewved were a3 follcws:

2 Real time maincom at 6% X858 (not tco useful)

® Real time sccelersted subcom 2 at 8 KBS or wors

o Tape playback sccelersted subcon 2 recorded at 1 KBS (not too
“qbiUl) -

o Tape plsyvack flexiblh format 32 recorded st 1 KBS

The periods of interest on CEO0 IIT were those during which the
roll oscillations occcurred, when the OPEP was functiconing, and Just
prior to the inverter fallure. ‘inis restricts the significant in-
formation to mericds when the spacecraft was sensidly close to peri-
gee (good ground coverage at these times was frequently lacking).

Yhen data was obtalned necar pevigee at adequate sample rates, detailled
review was possible. Even then certaln quantities could not alwa

be atudied due to sdverse circumstances (the important array drive

3-1



motor snd OPEP motor events telemetry iz not available at useful sam-

ple ratz in flexible format, fo - instance Je

The most helpiul dats for study of the roll oscilliation was ob-
tained at rev 001 and rev 002 perigees and near the end of the minor
xlg of rev 021. The inverter feilure data wvas, of course, taken
from rev OZ3 fromAmaincom at 6 XBS. GO 1Y telemetry was taken dur-
ing periods of Hode 3 operation, and wss especlally useful dufing the
1st and 2nd earth acouisition translents. A tabulstion of the tele-

metry data revi lewed is given in Tables 3-1 and 3-2. Exomples of the

o+

more siznificant portions of these dets appear in later figures.,

bl 97

2

WN]
LWS]
o

LT . -

ne {irst evidence on the ground of the OUO 113 osclllation wes

. e o . o - ~n ) T O e .
upon it=s first spproach 1o perigee, waen excessive use of conlyGl gas
e T R om yeearmieaser Voeaice L : Trw.A Find m v ven s FA ywnoeel o
B iass i e 7 - e A 6 Y ERS P WAL e TF v s N N bt o b e

GSI'C tnrough the Rosmen link, o command was sent to engage the ACS gas
delay logic, termineting the excessive jet action at ohi51 GHMT (s shortiy
after rev COL perigze). As has been stated earlier the problem was
caused by & bounded coscillation in the ACS roll channel at the flexi-
ble body natural frequency. Analysis of the flight data showed ag the
Tirst perigee vas ocpproached thils oscillaticn progressed from very
small amplitude through successive staées of incrqaseqramplitude, in-
volving first the roll reactlon vheel drive loeop, then the roll gas
loop and finally the solav airay drive. When all three excitation
sources were participoting In the oscillatlion the roll amplitude reached
a value of 0.6 degrecs. Wnen the gas delay commerd was exercised the
gas Jets ceased to purtlicipate, and almost imnediately therveafter the
arrey drive motor support cesgsed also. The roll reaction wheel con-
tinued to oscillate wntll the spacecraft reached the end of the mincr

exis, when it demped of its own accord.
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From thnt time onward the ACS gas delay logle remsined in effect
preventing further gas jet support of rbll occillations. On at least
70% of the subsequent orbits (until ACS feilure on rev O24) roll og-
cillations begsn as the satellite approached perigee, involving the
roll resction wheel in an oscillation st the flexible body netural
frequency at amolitudes of appro%imate]y ¢.2% on early crbits the
solar array drive 1dbp participated in the oscillation only rarely
and sporadically {except on rev GOl when gas Jet support wes present)-
On later orbits, rev O0Zl heing the best exsuple, the arrey dGrive motor
became heavily involved, continuing to support the roll oscillations
until the satellite had receded towvard apceges to an sltitude of 20,000
to 30,000 n. miles. he arvay osclllatiocn would then decay snd cease
spontaneously. The roll vheeld would contunue for some additional

period, however, sonetimes through spogee. - . -

The roll channel oscillaticns did not appear to involive the plich
or yaw channels, although very small ringing motlions in these axes

could occasionslly be discerned. The ACS wppeared in geneirii

¢t

c por-
form as expected in the presence of such oascilletions, i.e.; no dif-

ficulty essociated with ACS equipment could be detected (until rev 023).

At the perigee of revs OZB/OZM on 7-23-6 gnoualous behavior of
the ACS roll chamnel equipment was observed concurrently with indica-
tions of large, sporadic power loads. At that time the solar array

and roll reection wheel were hoth supperting o roll oscillation. As

-~

the large load current surges began to appearv the roll reaction wheel
responded beculiériy to the- roll error signal, accelerating in the
wrong direction at approximately 25% of its full capability. At that
time and for the follewing two minutes the spacecraft bus current in-
creased by some eight to ten amperes, finally increasing off scsle.
Approximately L0 seconds later the spacecraft undsrvoitage bus wes
automatically disconnected by the overlosd, interrupting the telemetyry.
Subsequent resect of the undervoltage bus restored telemetry but the
ACS inverter never started egain. 1t wes therefore concluded that the
ACS inverter nad {ailed and had prebably drewm the large bus curraenis

cbserved. It could nct be reasongdly estublished that the inverser

3-5
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was the primary fault. Hewever, there is evidence that Taillure of the
roll wheel drive megnetlc amplifier provides more satisfactory explana-~

tions for the observed behavior (References 2-2 eand 2-3).

3.3:.2 Reoll Channel Os cillau*Ota

The oscillations of the roll channel observed on OG0 IIT were due

basicelly to the effect of flexible boly bending modes with very low
inherent dompingz. The sigaiflcant bending occurs in the long experi-

-

ment boous, LP-5 and EP-6. A more cemplete flexible descriptlon of
OGO would indicate a myried of bending and torsional ncdes at o vari-
ety of fraquencies. BHMany of these modes r:y couple. In eddition to
linear flexibility eilfects;, many non-linear mechamisms'can cunplicate
the mechanlcal descyrintion by introducling step changes in parameter
values, hysleresis, tvransport lsys and vay iable‘friction, a5 well as
by generction of harmonlc responses. While mich (perhaps moet) of
the phenomena observed duriny CGO ITIT fiight are coxplicabls in torms
of a siuple, flcxibié structural model soms off Lhe wors raggad
forms and higher frequencices cannot be satisfectorily expleined with-
cut intreducing & more sophisticated structural description. Also
much of the apparent osclllatory content of the telemetered ACS gquen-
titiee sppcars to be due to beats between the legitimzte signal fre-
quéncies, the telemetry sampling frequency aond the diﬁher oscillation

present on the roll and pitch error channels as a res ult of the nor-

1 horizen scanner positor smoticn. -

’ -

The roll oscillations obsarved on CGO IIT are of several kiands,
differing in the type and degree of involvement of the several sources

of roll torque. They are as follows

A) Slight oscillatory motion in roll at the co upled, flexible

natural frequency (second bending mede) with no participation

of the reaction wheel, gas Jets or solar arrasy drive motor.
This is sometimes rzferred to as "ringing"” of the long booms

end can be caused by any of a number of transient excitatlons.

B) Roll oscillation supported only by waildircctional reection

36
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F)

G)

wineel drive in synchronism. This probably results from oc-

currence of the ringirng motion near the 2dge of the roll

wheel deadzone, causing the wheel to actuste on peaks of

the wave.

"Hard" roll oscllletion supported by synchronous actuation
of the roll reacticn wheeli altzrnately in both directions.
In this case the oscillatlion awplitude is sufficient to ex-~
ceed the roll wvhael deadzone on each side resulting in full
wheel participation ot the [lexible natural frequsacy (sec-
ond bending mode).

Roll oscillaotion supported by synchronous actustion of the
solor arrey drive in one airection only. Thizs is similar ‘o
B) and is probably caused by existence of the ringing c¢scil-
lation negr_the edge of the errey error deadzone producing

drive actustions on the pesska of the wave.
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"Hard" roll and erray oscillation with b
and the arcsy érive motor pariicipating altex
directicns. In this cese the amplitude of the arrsy error
osclllation exceeds the arrey cerror deadzone on both sldes
although the roll error amplitude need not be large. This
oscillation ie usﬁally ohserved abt a froquency silightly dif-
ferent than the fixed array coupled natural froguencys
"Hard" roll oscilletion supported by both the roll reaction

wheael and roll gas Jets. In this cese the amplitude is suf-

ficlent £0 excead the gas Jet deadzone alternately on both

sldes.
"Hord" roll and array oscillation supported by synchronous,
bilateral actuation of the roll reescticn wheel, roll gas Jets

and the golar array drive.

3¢3.3 Flignt Data Descriotion

Following are chronological Z2escripticns of the observed roll os-

ciilation behavior of OGO IXY during eevoeral portions of the fivet 23

orbitss



Upon approachy to the first perisee after carth acquisition slight
roll oscillations of type A (ringing) vere observed. At approximately
03:50 2 on 9 June 1950 the roll resction wheel began to participate in
the oscillation first in & type B then in tvpe € motion. This con--
tinued through pe 11 see until approximately Ch:33 Z when the roll gas
jets began to support the oscillation in a hard limit cycle. The roll
wneel and gas limit cycleb(type F) frequency and amplitude were main-
tained at 0.40 cps and 0.30 respectively for several minutes (at least
four) at which time the sclar array drive bezan to contribute roll im-
pulses (actually torque doublets) in synchrenism. A hard oscillation
was thus commenced with the roll wheel, roll gas Jets, and erray drive
motor participating. This p rsisted at a frequency of 0.37 cps and a
roll amplitude of OeSO until C4:55 Z when a ground command engaged LLL_

ACS gas delay logic, terminating the gas parbiéipation,'

The following three figures are reproductions of selected CGO ITI

telemebry readouts of the rev 001 perigee pericd. Figure 3-1 shows

the boginning of the gas oscillabtion die 1owll; Lhe eiffecis of which can
be seen on the other channels The data is shown in normal scnle wiith-

out filtering, and was teken from a playback of the spacecratt tape re-
corder in flexible format 32. Note that time incrcases to the left in
the figure. figure 3-2 is also tape recorder data in flex format 32
but its scales have been expanded end some filtering (not too effective)
has been applied to the roll and arrvay error channels. The assumption
of gas jet participation and its effect on the roll error amplitude
'can be clearly.aepna The sawtooth waves of approximately 30 second
pericd seen on the erray error chennal are due to normal array drive
sun pointing corrections at the high orbit rate ncar perigee. The fre-
quency of these corrections (which introduce roll torques as great as
Lo ft 1b for very short times ) increeses graduslly as perigee is ap-
proached until the period is as short as 10 seconds. This process may
offer an explanation tor the incidence of roll oscillations near peri-
gee as the solar arrsy corrective pulses can synchronously excite the

long tooms as the pulse application pericd sweeps over its wide range.

3-8
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Trn2 presence of tihe Oolt cps body aaturel freguency can be scen on
the arrzv error and gas Jet ectustion channels. It can also be sceen

that =

<3 cps component is apparently present in the roll error signal

in the second figure. AL that time the telometry sawple rste (in flex

formet Zata storsge mode) was 3.5 swaples per second. The 1.3 cps com-

(o

ponent may be due 1o beats batwesn the dither frequencles of the hori-

zon scarner heads which form the error signal or betwesn the dlfn and
the te_a2metry sampling rate; or both. Tt is5 not thought to represeat

actual spacacralt roll motion.

d from 8 B3 real time accelarated subcom 2 data.

ﬂ)

Figure 3-3, obtaln
The 1.7 crs fraguency does not gppear slthough the telemetry ssmpling
rate cn the roll error channsl "¢ lh'sampleﬁ per gacond. A frequency
componant of 2.2 cps is present, hovever, wilth an auplituds that verles
from waxlimum Lo rin imum in sprroximately six scconaso This could ra-
sult Trom beaats betwesn two scannzr positdr oscillations, the talemstry

semplivg rote and the scannar dither; or both. The six Second envelope

is ci a bLeabt situstion. NCte Thol =ix seos 15 olsoe the
pericdé of the first structural tending mode. A medulatlon envelope

veryvirz from mexlmum to minimuwm ia 3 seconds is also praegent in the

data-.

The accelersted subcom data shown In Figure 3-3 13 the best infor-
maticn obtained during rev CO1 periges. It shows the begioning of the
arrey coscillation and the participation of the array motor (not availa-
ble on flex format 32). The roll gas jets (not‘shdwh) are -oscillating
durinz the entiréhﬁeriod{ Hote that the roll reaction wheel drives at
appreximately 00% duty cycle end that piteh and vaw sctuations sre in-
frequznt. Note also the change in character of the array error waves

S

as trz array drive motcor beccmes involved. The average amplitude of
the arrgy error wave lncresces from 0.3‘ to nearly O. Q . Horeover, the
oszcilleticn frequency decreases from 0.0 cps to 0.37 cps, and the

1

relstive phase of the roll amdl array erver becomes less ccherent.

Tigure -4 15 a trecinz of seversl telemetry chennels reccorded just

after rev COLl perigee. It cncompasses the time the gas delay command

3-11
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vas trensmitted end shows the cessation of the gos osclllation (the £as

the actual telemetry lndications)o.

Jet torgues are drswn rather tnan
Within LO seconds after the gas oscillation terminsted the hard array
oscillation ceased. The roll resction wheel continued to support roll

osclllations at low nmplitude until rhital upsides, when 1t decayed
spontaneously. During that veriod the erray drive actuatlon frequency

gradually decrsased and the movor setuations could statisticelly have

either 24ded or removed energy Trom the flexible modes.

-

Cn the second approach to perigee on 11 June 1655 the gas Jet in-
hibit logic was in effect preventing any roll jet participation.
Ficures 3-5 and 3-6 show the significant telemetry traces for rev 002.
The roll wheel begon to support the genoral ringing motion consistently
at ebout OL:CO Z and the roll axplitude increased-at that time to ap-
proxixately 0.1° to 0.2° {ddlrficndt to assess'duc to hilgher fregquency
beat components). The typlcal sairtooth pattern of array error near

yarises 1o asen with. the voli csclllotlon superimposed. During the en-

Ty

Pl
=

tire porlgee pass the arrsy broXe into hard cscillation only twice, for

gome 15 seconds in cach dlustsace. This condition can be seen in Figure

2

3~6. Hots that in spite of the gas delay logic one torque doublet was

5
appliecd by the roll gas Jets.
The reluctance of the arvay drive to osclllate without support
from the gos Jets was evident through.rev OlBa ACS behavior was ex-

gmined ot normal (compressed) telensatry scallng du}lnb the eclipse

3

and post-eclipsé;%trn of revs 013/01k. TFolle swing the post eclipsa

tura the eayray osclllated briefly and the roll wheel oscililaticna
contlnusd for some time. Subsequent orbits exhibdited roll osclllstions
continuing well after perigss in most cases. On rev 018/019 perigee
Just after eclipse the arrsy cvecliileted sporadically &s shown in Figure
3-T. Tt 1g aoen that the oscillaticn spontancously decayed and then
restarted eeveral minutes later. It 1is thought thet the propenaity
for grray oscillation inercoged an the mission advenced,; perhops due

to wear of the arvay drive keyway aod resuliunt dncrcased backluah.

3-1h
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g b

tive roll oscilletion of sny kind: Unfort PﬂﬁtflV the only

clean dsta

evallable covered periods spproximately six hours after perigee by

which times the oscilletions may have decayed.

Exenination of telamastry data for reve 219 and 020 revealed no ac-

On rev 021 very clean, fine-grained deta was obtained in accelera-

ted subecom 2 at ble KBS. TFor several minutes near 20:18 7

whesl end errsy oscillations were observed. Figure 3-8 sh

nificant telemetry channaels on expanded scales wilh filtering spplied.
cillation.

o

The pericsd shoun includes sponteonsous cessation of array

Tho attendent decresse in roll srror oscillation anli.ude can be sear

0 te from spproximately O, 189 o approximately 0.12°. e

I4

e arrvey drive

train backlash is in evidence in the srray engle (s ine) channel which

[ql

shows continued cyclic mwovewant after the drive mctor stopged.

Note

chot in comrparing the relative phase of the roll error on the second

chaumal (with two Lur°) ith the srray error spproximstsly 50
ior rust be allcwed This is the flrst known inscance of actil

rhose

v

44

&l

oscillation cccurring so long after periges. It is presumsd Lo have

continuad gince perigee. ote that the processed roll error shown on

5

the Tirst chanpnel is filtered to represent the onboard ACS processing,

N

and is the sipgnal that is spplisd on
gas Jet bistables. During the array cscillation the resul

ignal was of sufficlent amplitude to actuate the zas Jets

&G

gas inhibit logic prevented the oceurrence. e

coard to the reaction unee

1

This detaiié& rev 021 data is the only flight informstion availab

adequate to permit a thorvcuvgh investigation of tne CCO IIT cascillstion

3.4 0CO IT FLIGHAT TELEMETRY

——

le

el

aid 0

The pertinent 0G0 IT flight telemeiry hes been reviewed for evi-

dence of lncipient roll oscillaticon in hopve that information so gleaned

w11l yield some undsrstanding of the CGO IML problem. Specifically,

the intent wos to assess the probable margin sepsrating €00 1T frem ac-

tive 1013 oscililation and to tyy tc dlscern whet the imporiant differ-

QUNCES Wert.

3-18
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3.4l General Plight Sxmerience

The flexivle vody effects are readily spparent in the telenabry
traces of CCGQ II vhen they are expanded end {iltercd to rawove tho
horizon scamncr d:th°r PbﬂdeaﬂuS« The observed dynamic character-
istics correlate well with ealculated velues, and the total roll be-
havior ot CGO II>was as exvected for the observed values of flexible
body damping. Active support of e roil oscillatien at the fisxidle
body natural frequency was unccmren, tub did occur. Active "hard”

of the golar array was nsver iundicalad GO 1L.

(@]
&
9]
b
}—J
N
]

Secend, there dis litile doubb flexible body dynsmics of OGC

1 contributed to the then rocoimdzed

aymuions of copious gas Liring

in the roll channel. Roll gas pulses

after small disburbances or evan

Geadzone &dgo. “herz azpzared to Te no tendency to assune o forced

2.4.2 Flight Daba Descrivtion

The mejority of intevesting data frow CGO 1T was obtainad after
the two earth scquisitions, as the translent motions et those time ex-
cited the flexible modes and caused the greacvest participation of ar-
ray and roll wheel drives. “Lgure" 3-9 and 3-10 are accelerated sub-
com 2 traces teken just after the first earth. acquisition on 15 Qcto-
ber 1965 at 2¢1:20 2 (rev CO5).  The roll and array errér—channels have
been filtered-and expanded to make the coscillatory motions more wvisible.
The charscteristic sawtooth pattern of array ¢rror is seen with small
roll oscillations superiisposed. MNote thsat the oscillations appesy
much more damped then they do on CC0 11X, often decaying completely
between excitation transients from the roll wheel. Note also the array
drive motor sctlon In correcting the array error. A trio of pulses is
applied indicating that the first motor torqﬁe nulse excited a Tlexible
mode which caused an opposite torgue pulse to be applied cne half cycle

later. This i

o7}

verifled Ly the cleorly discernable ringing moticn on

the array error trace and by comparison of the drive motor actuation
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:
frequency with that of the second structural bending iode. Note the
rapidity of damping in the secord figure. Both Tigures show that; in
splte of -the frequent arrpy corrvections and the fact that the system
is still recovering from its iniltlal acquisition transient,; there is
1ittle tendency to support the flexible body oscillaticns wilth either
the reaction wheel or-arrﬂy drive motor. The system soon gettled out

and the roll oscillations 1l but ceased as time pregressed.

The next period uhown includes the second earth acquislition and
the eizght minutes immedictely follewing. 1t is illustrated in the fol-
loving two figures. TFigure 3-11 shows the final earth acguisition

b

trarsient in roll on expanded scale witn 1 itering appnlisd to the roll

and array error chennels. The soler arrey is drivan in pulse.. et the
flexible body natural frequency at first. Boom ringlng exclted by

the initial large motlong csuse the errvay crror.to excesd its motor

]

rive deadzone on poaxs of the waves. Thic actlon czoses almost im-

Q.n

mediately and 1s not repesated. The roll reactlon whe2l le also nchunted
in pulses at the body natural frequency as the roll error vecomes smnal-
ler, as 1t too is caused to drive only on peaks of Lthe waves. Figurs
3-12 shows the behevior eight ninutes later and the rsosction wheel 1s
8t11) pulsing at the body freguency elthouzh the roll error wave has
decreased to less than O.OSO cmplitude, This contimuzs for several min-
utes, et times lapsing spoateuneously oand then resuwming. Flgure 3-13

is a condensed time scale view of the CGO IT t{el Ty covering a- three
minute period near 23:56 % on 16 Cetober 1655, ten‘minﬂtes after second
earth acquisition. Tt show ne roll wheel activity in support of the
oscilliation, .the sponteneocus decxy, and a pericd of ney wheel asctivity.

A few minutes later the oscilllation ceased

From the OG0 I1 telemetry data 1t can be ssild that the roll chan-
nel oscillaticons due to body flexibility were not s0 severe as those
of CGO YXYT. They tended to dump more rosdily; aever involved the so-
lar arrvay drive and rarely caused the gas Jets to particlpste. The gas
Jet actuations which occurred in response Lo horiuzon scanner tracicing
tranolents were momuntarily aifected by the flexible dynemlcs. Bver

after onc of the large error tronsients ceused Ty the horizon pucmaliczs
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k]

“me gae Jets did not actively asgume and maintzin the cscillations.

Meny expluzoations for these differences from CGO IIL sye not directly

sepportable through £light datas. They involve normal tolerance dig-
ra bacilasgh,

sributionsg of thoe significsut para:

ony boom ﬁqmﬁLng; pex'11 pS the di*
vmeel and gas dcaqdongs and n;ut

zeyved boonm dgwniﬁg of €20 IT was

9]

wters, such as array drive

Loy

ferent structural configuration,

eals, motor torques, etc. The ob-

greatver than CGO ITT.

bl )

cent oen CCO I ia the absence of widely varying sclar array actuation
tariods, the shortest period being three times as long a8 that of GGO

P ECUTPRMEIY FATINIG

Review of G0 ITIL flight data yleldad indicnu .on of in pilent
er7ulpment fallure only on rev 093/02) Lecs, on 23 July 1 "~o6a Prior
o that time all ACHY equipnent appeared to operate normally (exespt-
ing rerhopa the excessive baclhlash in the sceay drilve train).  Just
=2ter rav 023 perlgee, at the beginning of rev C2%, ancealous behavior
c? the AUS roll chamiel was detocted. Figure 3-10 taeken from 68 KBS
real tilme maincem dote 1llustrates the zaquence leadl (g %o the fallure.
e vime seale of the Figure ( shown) is 2 seeconds par large daivisiocws
During the period shown in the sure 3-1h both the sclar array
Exrive and the roll weactlcn wheel vere czcllliatingy; the roll remctilon

woeol pacticipa

ing

at approxinzte

gracecral't load current was reagons

Aan 3

an abnorzmal value. ome 50 second

1J resction wheel Q“xelbratcd at
cl its full capability toward vosi
reverszed, and galned i

an 1

Cw rotaticn,
wzs acccupvanied by large, sudde

rezks of 15,

9Ja duty ecycle. Initially the

ably steady at 10 to 11 emperes-not
8 after the start of the truaces the
fraction (approximately 30%)
i.e., 1t slcwed its

spead in the CCY direction. This

soue

tive momentun,

acer

Also siznlfi-

caces in load current risiag to

then 16.5 ampse. At the tima of this cccurrence the rq%;':
"R

error elgnsl vas oaclliating about zarc error and shouvld have bLieen acw

tzating the roll wheel for approximately equal pariods In both direc-
ticns with no net chanze of waesl speed. In faet for 40 to 50 seconds

altar begloning of the traces such appeara=d to be the cogse. At the

3-27
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v

time of lcad curreat dacrease, however, the vheel speed changsl o add

pesitive momentum and the average rell error moved swey frorm Zaxs
tovgrd negative error. Thus the roll wheel accelcration apparezily
caused the roll error - the reaction wheel did not accelerate Iz re-
spense to o roll error: This 1s evident from the relative diTzztions
a8 well as from the time order. The voll reactlon wheel did zzz act
to reduce the error - bUL instead sgpravated it - for a pericd =7 thren

minutes. In the mesniime the negative roll error reachad such Zropor.-

\ 0 .
tions (about 1.5°) that corrective gua Jet torques was applied

,Q
}

1
w
ko)
| aad
o
o

of the ges Inhibit (delay) loglc. Four positive ges torgue
were Fired, reducing the roll error to -0.6° for a minute or zc, after
which it again meved toward ulesoo \r!ﬁg thils period, when itz direa-
tion of error drift actunlly reversed; the roll wheel continusl Lo ac-
celerate slowly ln the wrong (not corrective) direcdtion. Its sverage
szpiied torque wes +0.0L £t 1b, occolersating at owpproxiwately G.3 rpm
per second. At epproximately 4 minuies from the start of the traces
ro eodl recacticn whool coosleoreiion reveread £or no annaronh vaeann,
thereafter applying corrective control torqus ab a C.009 £t 1t IZevel
(sbout 20% of its full capebility). In rosponse to this the rclli er-
ror graduelly reduced. Aftsr about 1 1/2 minutes the rell wheel sudden-
1y applied full corrective torque, driving the roll error tarvizh zero
and then positive. This scon result«d in epplications. of gas Jot core
raections. After‘that, in spite of indications of vheel actuaticn, the

whsel spced no 1ong r changedo. S

At the time oi th° reversal and thereafter the bus load current
wed heavy and bzcame more unlformly heanvier. Az can be seen from the
flgure the load current appears in brosd surges throughout the ancma-
lous puriod. Thessge curges szem Lo exhibvlt o pericdicity of epproxi-

Ly

“motely 16 secoands for 2 or 3'minute5 toward the end of the trace:e One
explanation for this 1is that the surges are not sentirely real tut re-
progsent beats of the telematry sampling fraquency with the roll oscil-
letion, i.e.; batween Ot cps and 0:13% cpo. Poring the laboratory
sloulation of wogonm foilurs no such periedic load surges woere notad.

iy

Tovard the end of the traces the locd curcent increeses to 18 amvares



ki

(’)

and then increases off scale. . Approximately X 1/2 minutes later the

undervoltage bus automatically disconnects interrupting the telemetry.
When the bus was reset later, restoring telemetry, the ACS inverter

would not start and was presuwsed to have failed.

During the overlcad LOuAJtion the inverter temperature incressed
and its regulated -cutput (not the oubtput used to drive the wheels) re-
mained constent. Tt 1is speculated that the roll rzaction wheel drive
megzann overheated under the high duty cycle and developed a partial,
internal short bacoming worss with time This is based upon the (now)
mown characteristics of the wmagamp snd the evidence of ancunlcous vheel
drive ection at the time of failure. It further speculated that the
vesultent overload damaged tre ACS inverter causing the overt invertel
failure indicstion. After undervoltege reset, attcmpts made to start
the inverter by slternately removing end re-applyinz bus voltage indi-

cated that the inverter would no longer draw current. This symphom

w0

would cceur with some types of inverter failure, but would also ccoeur

&

e
bt

Jietor falled te start for awuy reas0n.

3-30



L.0 DEVELOPMENT AND VERIFICATION OF RCLL AXIS DYNAMIC MODEL

A simplified single axis representation of OGO's [lexible appendages
end their coupling to the ACS i3 developed in this section. The system
dynemic eguations are derlvcd A degcribing function representation for

the reaction wheel and pneumatic nonlinesrities is discussed. The

validity of the above model snd epproximations is 1illustrated by the
prediction of CGO-ITIT resction wheel 1limit cycle oscillation. Finglly
an analog computer simulstion is used to provide a deteiled compari-

son of the mcdel response to the flight data.

b3 ASSUMPTIONS

The assumptions used in a1l the flexible body analyses cof thia

report are listed below: e : -
1. Ixperiment booms EP-5 and EP-6 nay be presented by a llnear
lunped mass-spring-dashpot model.
2. DUynsmic cross-coupling between axoes 1o negligivie.

3. Smell-angle epproximsiions are valid.

L.2 SYSTEM DINAMICS

A simplified single axis representation of the 0G0 maln box, ex-
periment booms and asz it would appear for rotatioas about the roll
axis is shown in Figure 4-1. The array flexible mod@l, not shom

here, 1is develope§>ih Appendix B. Symbols are delinsd below.

i = 1 Experimental boom EP-5

1 = 2 Experimental boom EP-6
I Moment of inertia of OGO main box (including solar

arrays and attached DeHavilland boomz) about CGO's
roll exis (assumed to pass through the vehicle's center

of nass). (ft«lb-secg)



Experimental bocm LP-6 (1)

r

e
e
\

U -
WU B2 -
R SIS P 7 vy -
"\ &(‘ Relerevuce
4= \ , Axils
/ _ CGO Main box
I
(1)

» -

Experimental becom EP-5 (Il)

Figure h.l

Simplified Single Axis (Roll) Model of 0GOis Appendages

ho2
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: : I ! . S
1 Moment of inertia of i” experimental voom (including

) , 2
experimental vacksge) about the roll axis (ft-lb-sec”)

K, Sprirg constant of 1™ poom (Tt-1v/rad)

. . ] .th . \
Ci Viscous damping constant of i~ boom (ft-lb-sec/rad)
o) Potation of the OGO main box with respect to the ref-

erence axis (rad).

Moment of Resonant Do ing® Snring Demping
Tnertia Frequency Constant i Constant
¥, C.
i i
2 , N : . .
I, (slug-rt°) mj(rud/see) £. (%) - {(£t-1v/red) | (ft-1b-sec/rad)
L. A
i = ¢ {¢ain Body; s
i =2 (EP-5) 216 1.51 C.3 ha3 1.95
1 =2 (EP-R) 209 1.66 C.3 576 2.08

Table h-1, Parameter Values of Experimental Booms EP-% and EP-6

#*The amount of boem damping can.not be predicted enalytically but vas
choaen on the basis of conparison of model response to flight dsta as

Q

is discusgsed in Section 4.5.

The equations of motion for the mass~spring-dashpot system shown in

Figure k-1 are given below and are derived in Appendix A.




.0 . o

£ . £ = 1=
I’I‘ g+ Il 21 F ]2 =2 N, NwA+ i Nc
) e .'a N n' . . l )
I of o+ T8 rCy ) rE E =0 (h-1)
£ . -
I, P + 1?2342 FC, &, F K, 52 0

where

I = I, + I, + I = total roll inertia (SIL\1g~ft?)

1
i

T B 1 2

N = N_+ N + N = total control torque (ft-1b)
c p v g one

Ng = gas Jet torque (ft-1b)

Nw = reaction vheel torque (ft-1t)

Np = array reaction torque (ft-1b)

) -
Al gt

(W]

=%

OGC's waln evie and its Intera

10n
action with the booms EP-5 and E -6 as a function of an eppiied torque
N, moy be investigated by the trensfer function ¢(s) /NP(S) obtainad
from the Laplace transform of the equations of motion {Equation k-1).
Using the EP-5 and EP-6 paremeter velues defined in Table 4.1, the 000
roll axis dynsmlcs are expressed by the following transfer function:

‘o2 T S SR 2
(s .23l +°0.090 s + (1.511°1 + 0.1 s + (1.66)
Q\Tz .0 ?jtr[s 0.09 (1.513°7 (s 0.1 (1.66)°) der/to-10  (h-2)

‘et ® s° [sd + 0.0%6s + (1.58)2] (5% + 0.026s + (2.63)2 ]

The system's response 1is primarily determined by the lightly damped

complex pole whose natural frequency is 2.63 rad/sec. Modal analysis
(Section 2.0) indicates that this is the second bending mode freguency
of the exverimentsl booms EP-5 and EP-6. This asymsetric bending mode
((1)2 = 2.63 rad/sec or 0.42 cps) is excited by torques acting about the

roll axis and is lightly damped ({ =2 0.9%). The beoms' Tirst bending



mode, represented by the other cowplex pole (wl = 1.58 rad/sec or

0.24 cps), 1is more highly damped (£ 2= 3%) and is partislly cancelled by
the nearby zeros. This 1s expected [or the booms' gymmetric first mode
does not result in appreciable rotabtion of the msin tox and thus cannot
be sensed by the control system sensors,

3

4.3  DESCRIBING FUNCTION ANALYSIS

In this section the dynamic model describved above 1s used in con-
junction with s describing function of the reaction wheel and gas Jet
bistable switches to prove the feasibility of a sustained limit cycle
of the type ObubrVEd on GGO-TII. The effect of the array drive is
ignored here. If the array 1s not being diolven by the motor, it is
locked by shaft frictionm to the main spacecraflt bpdy) hence can be
considered rigid. '

s e

The simplified block diagrsm of the ACS roll channel {(Figure 2-3)

indicates that a "linear” analysis of the control lcop requires a

describving function representation of the nonlinear pneumstic wod re-
acticn wheel bisitables The effect of the nonlinearity upon the signal

is represented by an equivalent gain and phase shift (as a function of
input signal smplitude) denoted by the describing function G{x). Then
the ACS reaction wheel or pneumatle control loop further reduces to

Figure L-2.

X - Bistable
Dither Filter Shaping Filter = Scfﬁzgi
- : . JEREN ’ ) o N
-1 - 2,58 X(s ~
« (p.25 + 1)° 1.258 +

System Dynamics

$ (o) 4 (s)

Vigure k-2, Simplified ACS Roll Axis Control Loop

}+_5



The =wvatem's sbability marsins mey be doiined by the "eloseness

1"

’ i
L

. . Lls . ‘o
of" the sys=am's open lcop f{roguency responsa T(s) = éiw% to on inter-
2

section wisz the Inverted deseribing function 1/G(x) (s

o Peference 4-1).

An intersez-ion of T(s) snd the 1/C(x} predicts a limit cycle oscillation.

The sysien Zvnamics (Equution hnl) effectively filter the bistable output

so that thz input to the bistsbles 1s a single frequency sinusold thus

sgtisfylinz ~he basic

assumption of describlng function snalyses.

A
N
(@]
: | X
_X(degreas) 0y -(-n)e, (dec){n(et-10)
! (l-—h)i)n QO l

-~—-——-~~l -N
(0]

.\

Fizare U-3, Reaction Wheel or Preumatic Nonlinearity

The ovtput forque -level NO, deadzone Oo’ and nysteresis h sre each

jmportant tarsmeters affecting the describing function G{x). These

paraeneters zre defined for both the ACS roll reaction wheel and

pneunatic oontrol loops during normal mode operation in Tolble D-Z.

Assuming X > 90, the resulting describing functions G(x) are plotted

voth in phacse and emplitude in Figure W-U. A more detailed model of

the reactizn wheel nonlinearity was made essuming maximua friction

torque of <.006 ft-1b.

G(x) was rsted.

No significant chanze in the describing function

he6
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X) - Pagumatic Bistable

0.38% ft-.1b
1 degree
0.15
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UILK) - Reaction Wheel Bistables

W
ol

0,052 ft-1b
L 0B degrecs

0.0H

‘ rTraS " H
Lo 0 L
P s . . .
: o -
- -1p° 20%: 0

Figure loh

Deperibing FPuncilon for Fnoumstlc ond Reaction Wheel Nonlinearities
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arg G(X) = phags sbift . (degrees)



hoh ANALYTICAY MODRL VEIRIF

TCATION

The validivy of the model developed above is supported by the

prediction of roll reaction wheel oscillations during normal mode

operation observed in OGO

chznnel's open loop frequency responsa T(s) during normel mode

ion ig shown in Figdre %-5 along with the reaction wheels'

describing function l/G (=Y.

beoons EP-5 and TP 6.

-TIT flight data.

Structurol demping

of 0.3%

that the control loop will sustain s reaction wheel limit cycle at

2.6 rad/sec {0.42 Hz). The inter

cdegeribing function Gz(x)

d. This

gastaine

ction of T(g) with the
1lso indlcates
did occur cn CGO X1,

that 2 gaa limit

but whey

inverted

1 noticed wasg cut off

was used for

The intersection of T(s) and 1/Gl(x) indicates

posumatic |

A Michols plot of the roll

operat-

cycle can be

by command activation of the gas inhibit logic. It should be under-
stcod that this {ype of analysis metely nrbdiot. that a limlt cycle
oscillation can exist end be sustainad. For the limit cycle to.cccur,

the booms must be excited
itne reaction wheel bistatlc 1o surned
of 0G0's roll error ¢ during reaction

alculated beloy to be 0.7

degre
-IT

excellent sgreenent with OGO

From Figure

)|
7]

nlm

(e)
\ 5

11.2 deg/ft-1b
or

6(s)
(5RO

H

5 deg/ft-1b

4-5 the transfer tunction T(s)

(67. 3 deg /Lad)

. vn - v V. aue S
on: LI BILo s uads AViG

vhesal 1imit cycle oseil

mgnitude is

(12.5 s + 1}
(1.3; 5.+ 1){0.2 5 + 1)

L8

initiadly at 2.64 rad sec to a point vhere

eces peak-to-peak at 2.64 rad/sec, an
I flight deta.

[ N
RS k.\ll.(\.a,\l.\a 7

lations is

=j 2.6h

(1)
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PN

Approximating the reasction wheel torque during limit cycle oscillationa

by a sauare wave {(Figure ,.6), the Fourier serics of the roll axis

control torque applied to the OG0 main body 1s

=y L -
() =19\ — sin b
H () ﬂw} ’ = sdn ot

vhare
Hw =  roll reaction whzel torgque = 0.052 ft-1b
@, = frequency of oscillabion = 2,04 rad/sec
= 0.42 Hz
!‘\ .
m(3)
H
W
e 1
A :
s
t
_Iq > T
w .
= 2,238 sec

Figure h-6, Approcimste Control Torque During Roll Reaction

Wheal Limit Cycle

ha10



Further sporoxisnting the control tor bj its fundarsntal cosmmonent
only and using Bquiation (7), #he ergular displacesent of thn CGO main

body about the

reactlon vheel 1imit coycle is

0.052 £t -1H){1.5

g (v) = ( deg/Tt-1b) sia @t
oal c
Ry s
= 0.1 sln ® t (écgreen)
.
Talzs ds an excelleat agrsemant with Flight deta vhich ind a roll
cseilliation arplitude of + 0.1 deg vhnea only the roll whzel wes
ciciijating.
The equations of motlon [Hquation b-1) may also be solved for

LOYRLLY dienlne G (021 B ilhriva ,_,u'}‘x EP.5 and wP-b.
sngalar disnlocewent from equilibriva of G0 Teons FP-5 and -6

Duving roll mtction wa
EA{aY /3w {s)

TRCEIRAE R

= {5 7 (s

,{5) / 5 (s)

Azain prorocizabin:
neat only, tuie linsar

ey

PGSR

Surinzg oll

stion

A

EP-H5 = + .
7"0__6 = 4

Uafertunately, no direc

A

.

a3 avedlleble from the

h.5 TPFEDTICES OF ATAL

Y

21

11mit eye ..ee ;

C.0388 rad/ri-ib

O S
[ N R e S
d
- 0.04L7 red/ft-1n

]

» coutrol torgue by ity fundssrontal coup-

nicploceent fros Pqul.-,briuﬁ of tho boom tins
zed 1imit cycle is ) i} -

.83 ipches

t queantitative measursuent of the toom motion
fiight daota.
CPICAL MODZIL REEULTS

Crmwriy - N
Several aspecia



'

Ho attempt was made a’ priori to predict, either agnalyhtically or
from test date;, the deuping forces In the booms tacsuse of the very
small motion amplitude (lees than f 1 in. at the tip). Thereforve, for
this analysis the boom derming was congidered o variable. By trial
and error a bocin damping of 0.3% waz found to be the roxizun which

would allow the reaction wheals to sustain a liwit cycle.

The amount of bcom derping effects dlrectly the magnitude of the
open lcop frequency responsce T(B) ot the tendinz mode fraquenciles
A Figure 4-5 shews, a boonm damping of 0.3% just produced an inter-
section ot the describing function l/Gl(x) end the open lcon freguency
regponse Tis). A lover derming raises the T(s) curve in the reglon of
17 cps for which the descriving function analysis slmply indicates a
larger steady state oscillation amplitude (dﬂfﬂﬂﬂﬂpu L.1). Increasing
the demping lowers the T(s) curve, hence there wculd not be en inter-

section and no predletion of a reactlon wheel limit cycle.

tata is presented in Reference 4.2 which indicates that tl

- s

ing of the 0.42 eps bending mede s about O.4%.  1h
was based upon a recent snelyais of OGO-IT flight data. To make a
compgrison of damping observed in Tlight with the above analysis one
must examine the damping not in the booms alonz bult rather the damping
in the asymmetric bending mode at 0.4%2 cps. It was shown in Dquetion h-2
that with 0.3% boom dsmping, demping in the 0.h2 cpslbendinv mode was
0.5%. Thus, the flight data indicates the achual bOOA duav,uv was

belcew the maxisnm. reguired to allow s rescticn vheel linit cycle,

H -

Previous snalysis (References 4-3 and 4-k) of the EP-5 and EP-6
boom interaction with the roll ACS had indicated that 1ittle likeli-
hood existed of a coupled ACS-boem oscillatlon. The major weakness
of the previous work apparently wac a discrepancy between the amount
of structural demping assumed Tor the booms (l to 2%) and the actual

value which exists.

Tt is obvious from Figure 4-5 from the intersection of the T(s)
with the prievieatic describing functien, that 0.3% 15 far below the max-

mun darmping requived for prediction of a gas 1imit cyele. Here is the

ha12
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3

place to erphasize the neture of the limit cycle predicted by the
describinz function analysis for this bang-bang control system.

o

The <escribing function analysis merely predicts the exlstence of
the limit cycle. To stert such a limit cycle the boom system must be
initially exclted to ithie point where error aignal Input to the gas
(or react’cn wheel) bistable is sufficient to alternately pulse the plug
and minus Torque command. Then the analysis predicts that the control

system will pick up the oscillation and sustain a stoble limtu CyCle.

That is i the limit cycle amplitude is larger than the stable value
the amplizude will decay and vice versa.

Another aspect of the describing fuanction anslyses results can be

- correlated to the Tl ht data Giicussed in Section 3.72.3. The flight

data indicated that on the approach to the first perigee the reaction
vheel 1limit cycle was started by the array cogglng exciting the booms.*
However, =he gas linmit cycle did not begin until 37 minutes later.

Anaiysis of cother flight data and the analytical examination above shew

+ 0.1 deg. This is well below that required to start a gas limit cycle.
(Analysis indicotes epproximately a + OelS deg. oscillation would
produce a j,l!O-deg. input to the gas bistables, encugh to start a

gas limit éycle.) “This is further indication that the array cogging

ad to excite the beom cscillatlon to the point where the gas limilt

=,

cycle could begin., -

The -tzird and. final point that the analysis shows, is why no os-
Qiilagions existed in roll ddfing acquisltion or in the yaw channel.
The yaw crhennel is singled out here beceuse the EP-5 and LP-6 hooms
have bendiIng modes about the yaw axis similar to roll. Only the main

box inertis is larger due to the large solar arrvay inertis.

¥This effect will be further proven in Section 4.6.



The roll shaplng filter {wee Figure 2-3) consists of a lsad leg

2.5 S+l

- " The 3 rde
SE S .  The double order lags

1
and a two first order lags s
(.2s+1)”

are necegsary to filter out the dither which rldes on the horizon

gcanner error sigual. At the bending wmode frequency (2.6} red/sec)
the over all phase shift of phe total fllter is a leg of approximately
Lo deg. Durin; the sun acquiasition {(Fode IT) the double order lag is
removed since the roll error algnnl comes from the erray sun gensor.
In this case the overall fTilter phaze shirt 1o a lead of 1k degrees.
Thig shifts the trace of the open lcop frequency response to the right
85 18 showvn in Figure h-7. WNo intevsection cf the deseribing function
oce. 3 hence no esusteined 1llmalt cyelie is possible in roll durilng sun
acquisition mode. The same is true of the yaw channel., for its filter
hag nearly zero phase shlft al the bending mode.f¥équency.' '

1

e point which the analysls demonstrates is that the phase lag

~3

3

d by the dither Pilicr da one of the rangons that the roll

channel during normal mode can sustain s boom oscillation.

h.6 COMPARISON OF ANALCG MOURT, RESFCHSE TO 050-TIT FLIGHT DATA

Ag a further check on the model wvalldity the complete roll control
system, solar array drive system and boom dynamics {Eguation 4.1) were

programmed on the analog computer. The simulation block dlagram and

numericel data are given in Appendix C. ' el

An attenpt wéb'made to reproduce the onset of osciilation obgerved
on CGO-TIII. The initlal conditions were selected to gimulate the
flight conditions.

Figure 4-8 shows the analog results. Exanmining the traces start-
ing at the far left hand side, the rua was started with zero inltisl
body rate and attitude error but witn an initlal vheel momentum of
0.5 ft-1lb-sec. A constant errov rate of 0.03 des/sec was applied to
the solar array channel simulating the epproximate orbital wotion

when the boom ACS oscillation started on OGO-III. 'The solar array

helly
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A}
drive corrects [or the orvital motion once every 25 sec, moving spproximately
0.7% deg each time. With each succeeding cog of the array, the boom

motion incrcases until finally the reaction wheels Ddegin to limit cycle.’

At this point the orbital rate was removed from the array end the
oscillation sustained by the reaction wheel sllowed to reach a steady
state. The steady State cscillaticn is shown on an expsnded scale in
the middle of the flgure.

Table 12 shows comparison made between the paramsters observed in
the 0CO-IIT flight data and the analog results shown in Figure k-8,
For the available paraneters asn excellent correlation is obtalned when

only the reacticn wheels are limit'cycling,

No fine-grain data was availeble on the gas limit cycle observed

o]

on the first perigee pass go that no comparisoas were made between the
analog and flight results for that level of osgcillation. TFine grain
dota was aveilable on the combined arrsy snd reaction wheel imit cycle

from Rev. 021 (see Figure 3-8). The analcg model response with the

®

arrvay drive and reaction wheel limit cycling is shown in the right

half of Figure 4-8. From the stesdy state »eaction wheel limit cycle
the orbit rate wes egain applied to the arvay so that it resumed excit-
stion of the booms. The oscillation amplitude grew slowly in amplitude
until the arrsy drive started to limit cycle as can be obgerved from
the treces in Figure L4-8. The steady state array and resction wheel
limit cycle is sheown on the extreme right hand siéé of the Figure. A
comparisoﬁ of tﬁewanalog'and flight data persmeters is shown in

Table h-2.

There 18 a glaring dlscrepancy between the amplitude  of oscillation
observed in flight (+ 0.2 deg) and the enalog results (+ 1.8 deg).
Despite some rather extensive investigation as to the fundamental cause

. of the discrepancy no fully satistactory explanation has been found.

Several intercsting aspects of the combined array reaction wheel
oscillation heve been discovered and analyzed, but to-date they remain

simply factoc withovt a theory. This data is discussed below in Section 4.8,

416
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Teble 4.2

-Comparisons of ¥ID and Analog Simulation
of GO Roll Oscillation

a) No Solar Array Drive Oscillation Reaction Wheel Limit Cycle Only

Parameter Low : FTD* l Simulation
Frequency 0.h2 H, 0.42 H,
Roll Error : 0.2 deg p-p 0.2 deg p-p**

Reaction Wheel
On Tim 0.8 sec 0.7 sec

~ Phase T.og Yhael On
from Boll Error '
Zero Crossing 60 deg 58 deg

t) Soler Array Drive Oscillation end Reaction Wheel Limi% Cycle

rareme e O Vi Slmaldotdon
Frequency . 0.38 H, o0.h2 1

2
Roll Error "0 4 deg p-p - 3.6 deg p-p

Reaction VWheel

On Time 1.2 sec . 1.1 sec
Solar Array A SR

On Time 0.5 gec 1.1 8ec” -~
Phase Lag Q£€éi On_~ - 42 deg ' 50 deg
Phase Lag Arrey On G 0 deg

*Rev 021
*Boom damping adjusted to give progsr amplitude 0.3%

B Approximate value-resclution poor

4-18



1 .

The discrepancy in the mcdel when the erray limit cycles was
apnoying but was not considered serious encugn to preclude eveluation
of the changes to the ACS discussed in Section 5.0. In a sense the
model may be considered conservative since the arvay boom oscillation

N

is too large. More over, chanzes to the array drive control loop ve

considered only if Lb»“ id not reguire an exact model of the array

,:J

vy

spacecrait coupl lag in order to evaluste their vperformance.

L.7  FLIGET DATA ANALYSIS

CGO TIT telemetry was reviewsd in & n 3.0 DReglons of anomal-
ous bvehavior, namely thz cseillatery moticus 1n the roll end solar &riy
.ontrol systems, eare discuzsed hera again for comparison with the
Qaa]Jg model dynemics. Occilletions of CGO ITY during revolutlon 21
was shown in Figure 3-8 both with aad without. solar array drive
particlpstion.

Meny espects of the cnalytical model are supported by the telemetry.
Tor ouomple, the sdlas avrsy dwive hacklach 13 in avidence in the Arrey

Angle (Sine) chonnel which shows continued cyclic movement durlng wariods

)

of solar array drive motor inactivityg Tha Array Sine, o nmeasure of
celative rotation betwsen the OGO main body and solar array drlve shaft,

also indicates very little damping of these shalfl oscilllations.

The higher frequency’ compone s evidant in both e Avreay Sine and
Array BError signals during soler array drive activit ty have been analyzed.
Figure b4-9 shows the pover specitrel density and Figure L4.-10 shows the
autocorrelation function of the Soler Array Brror signal {(Word A-11)
and the Array Sine (Word A-12) from a period during revolution 021 when
both the arrsy and reacticn wheel notors were limit eyeling. The
resonant frequency (0.38 Hz) of the FP-5 and EP-6 boom - main body

dynamics is evident in both figures.® The power spactral density

*#Tt 18 of interest to polnt cut that the flight dats indicated when the
reaction whesls are limit c¢yeling olone this frequency shifts to approxe
imately 0.42 Hz, Thig effect wau unever reproduced on the conputer.
Regerdless of which clawents wera active in 4 boom ACS linmlt cycle, the
meded frequency of oscillation remained near 042 Hz.

.19



. k]
indlcates the presence of two additiconal freaquencilea. A component at
1.0 Hz exists in both the Arrsy Errvor ond Arrey Sine end a component

ear 0.7 Hz is opresent in the Array Sins. Visuel examlnation of the

verifiled these relationships.

o

as
elematry traces hac

The 0.7 Hz c&m?onent-iﬁ the_Afray Sine signal is near the computed
fundamentel resonsnt mode of the solar arrcy (Reference 2-k). However,
this mode of oscillation has litile displacemsnt at the Sine resolver
pickoff point but a maximum at the Array Evror signal pilckeff point.

On the other hand, the Arrcey Error signal pover spectral density shows
no .7 ens signsl. Thus, the Tiight data is the antlthesis of the an-
alytical model. Though additicnal enslyeis and modeling attempls were
made, no analytical mcodel was developad vhich would axplain the freq-
uenéy content of the observed Avray Lrror and Array Sine siﬁnaﬂﬂa The
flight data analysis was checked independently’ and cs."ld”d“""d to be
valid. No testing hes been done to valllate the computed srray dynenmic
wdcl., It 4s felt tha discrepancy must lie either in the arrsy dynande
mdal or in tha r’{yn:tmia coupling (i.e., flexidbla steucture effect) of
the array moticn through the arrey drive motor to the maln body. Un-
fortunately, time dld not peralt the pursuance of a tasting progrom

vhich might develop sufficient struactursl data to refine the dynamic

nodsl,
Finally, therce 1s the groos discrepancy compared to flight date

in the nmedel oscillaticon ampliiiudes when the array 1is limit cycling.
The : l_bhb data indlcated the oselllation saplitude éhﬂhéeo from

F 0.1 le" to & O 2 deg wherl the array limit cycles. Analysis of the
forcing function which would theoretically be induced by the array limit
cycling supports the faci the oscillatlon amplitude.should grov signe
ificantly more than the observed flight dets values. The energy added
by the errsy motion to the boom ovsclliletion emplitude is theoretically
can order of magnitude more than the energy added by the reaction wheel
limit cycling. This discrepancy again polnts to the Taect that model

.

of the coupling errsy o the main spacecroft 13 apparently in crror.

220
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5.0 ACS REI ESI NOANALYSIS

The purnose of this zection is to vresent the rationale Aand back.
ground studies which lead to the {inzl selecticn of the ACS’design
chenges. The previous section hzs discussed some of the kucwn problems
ia the roll chan‘ﬁ].- An considering desiga changes, howevar, the
whole ACS design was revieved in the light of the new concern over
flexibie body dynamics.

Although the magnetic anplifiers were being redesigned to permit -

+

a 100% duty cycle it wes considsred imperative to prevent the reoce
curance of e roll reaction wheel limit cycle such as observed on
0G0-IIT. The g

from & gasg linmit eyele based upon the CGO-IIT cxperience. Tbus the

as delay logic w..8 considered an adequate protection

D
u)

G

first design consideration was to elimlnate the roll wheel iimit Lyan.

5.1 HEVIEW OF PROPOSHD ®IXES POR THA ROLI CHANNEL
One fix censidered for the boom oscillation problsm was that of

edding dampers or ujbﬁubion sbsorbers to the tip of each boom. This

Fy

avpenred attractive partlicularly since the problem was the result of
low damping (0.3%) in the experiment booms. Moreover; no electyonies
changes to the ACS would be'required- The design studles of the dampers
are documonted in References 5-1 and 5-2. They turned out to be relatively

heavy devices, T to 11 1lba., hovever, whiech ﬁeorardi”ed the structurel

integrity and deployment of the becoms. Thus, the baom Qamne“s vare

Lo

dlscarded. - - -

Since iIncreaslng the toom damping did not appeer feasible, a

design s dy ves begun to concelve and evaluate electronic changsa te
the roll ACS channel. The roll chaanel was of prime conceru siace no

oscillaticns were obrerved in plitch or yaw. Three possible changes
were ovaluated. One was simply to incresse (say double) the roll
reacticn wheel snd nosslibly the gas desdzone. Thes, the booms would
have 10 be excited to a larger moticn before the control systen would

pick up the oscillaetion. Increasing the deadzone also reduces the

-1

A\



Y

"open loop”" gain, which stebility anndyses showed would pravent the
ACS from linit eycling. This technique is very easy to Limplement.
Hovever, studies showed widening the deadrones is easily nagated should

the boom damplng be lower thon expected and hence, it vas discarded.

A sccond fix consideved was that of altering the pressznt éompenaatm
tion filter design fo stabllize the coutrel system at the tending
fraguency. The dlscussions in the Section b.6 showed that the reaction
vheel limlt cycle was due in part to the phase lag of the horizon
geamer dither filter. Filter designs which stabilized the roll channel
st the bending frequencies vere developéd. However, the rsquired

I N

PR
il

¢

ers were far nore cowmplex to implemenit than the preseat deszign.

£

<

Trvag, the filter change was discarded on the basls of implemsntation
difficulties. Some slternate schemes were suggested in Reference 5-3.

Again dmplemsntatlon dilficulties spgeocrsd Insurmountadbls.

The third change conziderasd is similar In concept to the gas delsay
) [&]

o e P R el ——— w o R cr - an B — -~ .3 e “ - - I S 1 |
logic uwsed on CGUWLLL. It was this s0 called "vheel delay logle

O

which wes chozen to he implemented. A schemetic of this scheme 1s
shewn in Figure 5-1.
The delay logic prevents elternating torques from being eppliled

to tho reactlion wheel. For exemple assume an oscillatory error 3ignal

D

(1.e., one due to bendirz) is alternately switching the bistables on.
Wpen the (+) bistable iz turned on it opens the  ground path (via the
transistor switph) for the (-) signal. The ground pathiié ﬁéid upen
by the timing circuit for e period of 5 seconds after the (+) bistable
tuarns off. Thus wvhen the (-) bistable turns on, no torgue is applied

te the reaction wheel (current mist flow in the motor driver magnetic
anpllfier control winding to twm on AC pover to wheels)., UWhen the (-)
bistable twms on it 8lso opens the ground path for the (+) signal.

If the oscillatory input signel is zlternately switching the bilstables
wore frequently than the delay period, torgue 1s not applied to the
vheel in either direction. Thus the delay logle very pesltively
provants the reaction whaoels from participating in a bending oscillaiion

such ag that obuerved om GGO-IIT.
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A

Other coerational aspects of the wheel delay logic ave also
attractive. Uni-directionzl inputs to the whoels are not affected by
the wheel delsy logle. The gas delny logic operation 1s wlso wnaffected.
The gas delsy lozic prevents the gas Jjet turned on by a voslitive error
signal, for excuple, from firing until the corresponding wheel bistable
(+) has been purnﬁd on contlinucusly for a period of 15 mec. The gas

A oeps)

—~

delsy logic provents gas fyom flring due to a bending f{regquency

ozelllatory input since the wheel blstable is onlv on for at wost

1.25 sec. Since the wheel bisteble operation is unchanged, the gas

delay logic is simllarly unchangsed.

Bot h £l 2 vheel and gos delsy logle muet be turned on by commend.
The svitching technlque for the reaction whecl deloy logle is also

sh;yn in Figure 5-1. Two letching relayg are us ed to open the normal
ground retuin of the wotor driver megnetile uuULlfiﬁr input windings.
The deley logic can cnly ve activated by command whan the ACS is in

tiode TiT. Tt ds antowmaticelly wromoved 1f tha ACS i returned to

o

L. In fect the only mathuwd of removing the whes

>
3]
2
&
I3
-
Q
~
+4
™

3

i3
{3
@
-
o
1
£2
33
o
[0

delay legic 13 to retwrn to Hode I or IT.

The dmgplementation nrcblwﬂ wroved minlmal with the delay logie
schamé._.Since the notor driver maznetic emplifiers were beling re-
designed, it was easy to bring out the control winding ground connect-

icuns and provids chernal switching. Morsover, with

the shortivg ralay closed reaction wheel ccﬂurol i3 uxafforued

A delay per|od of 5 seconds was selected as the nominal design
value. This aliowed a foauiderable tolersuce in the delay tiue;
1.25 seconds i3 sufficlent to prevent e roll wheel 1limit cycle.
Figure 5-2 shows the effect of the wvheel and gas delay logic on the
switching ilnes. Since during normal nmode reaction wheel control
walntains rates to less than 0.1 deg/sec, the delay logic should have
CAlttle effect. A detalled evaluabtion of the roll control system per-

formsnce via an anlaog simulation is discussed in Section 6.0.
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Analyses were glsc made of the pitch and yaw control channels to

channels. Thess analyses are documsnted in References 5.4 and 5-5.

The results of thesz anslyses are swrnarized in the following paragraphs.

5.2.1 Definition of Margins

The degree e bill is quentifioblvely measured by the control
loop's margins. The nargdy ol tained by measuring the sep-
eration of the opan loop frem e (e} "rom the describing
fur "tion plot of rmede freguencles {(for definitions
sce Sechtlon h.4). and (17¢(x)] predicts iimit
cyrle oscillatiouns. gain maczin is defTined as the
increase in system red to achieve an interscchion
between T{s) ana 1, ) et bending mode fregquencies.  Similarly, the

control loon's tha additional nmhase lag
required to achleve an intersection batiesn T(s) and l/G(x) at bending

mode frequencies.

5.2.2 System BDynamics

System dynamic equations for roll, vaw, and pitch are derived in
Appendix A. Figuce 2-1 showed the major flexible appendages which
include the EP-5 and EP-6 booms, Haddock antennae;dﬁd<éolar’banels,
The model assumes_zhét gégé solar array hes a De Ifavilland type boom
attached (OGO E configuration) and that the "+x" and "-x" solar array
boom combinations are identicel. The 030-D has a Haddock antenna
only on the "-x" side but the assumed mcdel is & worst case. Under
this condition, the flexible dynemics of the solar array and Haddock
booms may be modeled as one solar array-boom combination with a moment
of inertia, spring and demping constant equal to fwice that of a sep-
arate model for each side.

5

The dynamlic model is modified depending upon the axils under con-

sicderstion as defined below.

5-6



1

Roll - Torsional roteticn cf the solar array is ncglected o the

rigid bedy inertia IB includes not only the 0GO main box
but the solar arrays snd Haddcek booms. Only experimental
bocms EP-5 and EP-6 are modeled as oppendages in rotations

about the roll exls. _

Pitch - Neglecting cross-coupling, the booms EP-5 and LP-6 are con-

(€8]

sidered as part of the rigid body interis I, and only the

0

appendages.

(™)

ar arvay and Hazddock bvooms are modeled a

9]
o]
e

Yo - Experiment  booms EP-5 and EP-6, solar array, and Haddock

bocms are modeled =8 apnendages.

The uarameter values are tabulated in Table A-l. The resonsnt freqg-
X wb and “ﬁ of EP-Y, TP-6 and Haddock booms are accuratel v
Ynown from the boom's bending characterisite

The meximun structural

0

. o PR ' : . : | -
dawping of 0.3% used for BP-5 and €r.5 is that reguired to duplicate
0GO-IIT {light datn (see Section 4.6), The other values of resonsint

Tof . iy i ) Ty M T o . feay Y MECHE RSP SN 3w
frequency and danping detalled in Table A-L were prelluninavy cotimotes

bistables, end the like have -not been considered in this analysis.

N,

5.2.3 Stabllity -Analysis Results

The ACS yaw cﬁannel open lbop frequency response is the same for
both acquisition and Mode IIT and is shown in Figurs 5-3 for 0.3%
darming of EP-5 and EP-6. The pnewmatic comtrol locp, operative only
during acquisition, 1s seen to have 220 phase wmargin and 14 db gain
margin. Again the stabllity 1s attributed primarily =0 the absence

of the dither filter.
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'
The pitech channel open loop frequency response is shown during
normal mode in Figure S- i, Ths experimental booms EP-5 and WP.6 are
modcled as a part of the OGO main box, hence the only system resonance
is at the natural frequency the Haddock vooms (0.023 Hz) snd the
solar arrays (5 Hz)*: It is seecn that there ig 1lttle likelihood of
intersection of either of these bending modes wlth the describing
function (]/C(x) for the asgumed damping and resonant frequencies
(sce TableA-1l). The phase margin 1s infinite snd the gain margin,

defined with respect to the solar array resonance, is 120 db.

The gain -and phase margins as a Mfunction of structural damping
of experimentel booms EP-5 and EP-6 .are swrmarized in Table 5.1 for
the roll, yaw, and pitch ACS channcls during acouisition and normal

mode operation. )

The results indicate that adequate margins exist 1in the pitch so

that no changes are necessarvy.

;»-.

€

- H 3 . o - M By
YOW LMls wnfer muoyans o ada{liana

U.'

T
8 db gain margin is good design pra ctice) for EP-S end ZP 6 boonm damb~
greater than 0.1, Thus based upon this analysis a yaw wheel
inhibit does not appear nscessary. However, a decision was made at
FASA's urging to include a yaw wheel inhibit to preclude any poss-

ibility of sustained oscillations.

On the other hand the yaw pneumatic system phase margin is small.

It was,ftherefore, recommended thot the prneumotic systoem deadzone be
raised from 7.5 to 5.0 degrees. This increases the yaw gas phase

margin to 52 degrees at 0.3% boom damping.

*The stability analyses were performed before completion of the array

=

nding mode study (Reference 2-4). Later analog studies which con-
sidered the lower bending froquency (1.76 Hz) verified the conelusions

o)

o’ this secction.
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¥
Roll wheel and pnewnatic inhibit leogics have alreedy been proposed
to prevent roll oscillations during normdl mode. Margins during acg-
uisition are adequate.

5.3  SCLAR ARRAY DRIVED CHAUGES

As stated carlier, it was balieved the s0lar array drive initially
2xcited the boem oscillation. Morsover, at times during the light of
CGO-TIT the solar array drive participated in the oscillation by limit

cycling back and forth in sympathy with the beom oscillations.

The solar array drive system is an on-off control system so that
in order for the solar array to =emain pointed at the sun as the
spacecraft rotates in orvit, error corrections are made in & sted
wise fashion. It is this "cogging" motion of the array which excites

gress changes to Lhe arrey

(]

the booms. It would be difficult., without

drive, to eliminate this source of boom excitation.

_f\; study woe madn ..of‘ norsihle modifications to the solar arrsy
drive system, which would preveﬁt its participation (i.e., the limit
fcycling) in the boom oscillstion (Reference 5-6). In that study
filtering of the error signal and the additicn of stabilizing feed-
béck loops'were recommendad. ' However, again due to a desire for
reliable hardware design the delay scheme identical to the one used

nmm

in roll wheel channel was finally selected. The delay will be con-

S g

mandable both on and off independent of the ACS Mode. -~ - -~

v . -

Another change made as a result of the anolog study discussed in
Section 6.1 was the increase of the solar array drive deadzone from
0.5 to 0.9 deg. The reasons for the change ore discussed more fully

in Section 6.1.3.1.1.

Finally, since there was evidence of backlash in the OGO-III drive
and measuremsnts indicated sizeable backiash in the 0GO-E dirve
asgsembly, mechanical echanges were made to the drive to reduce the back-

lash. One change was to firmly attach the output drive gear to the



Table 5-1 - OGO ACS Bending Stability
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re

shaft replecing a key which was subject to wear. The second was sn

alterstion in the erray hinge design to reduce its becklash. The over-

2ll array system backlash was predicted to be less than 0.4 deg as a

result of these desizn changes.

5.4  OPEP DESIGH CHANGES

The OPEP was slso observed to limit cyele in sympathy with boom
cillations bzcause the OPEP pyrocompase sensed tha roll mosion.
Since it was apparent that the boom moticn could not be entirely
eliminated, a fllter was devised tq smoot « the tending sipnal from
the OPEP error. Tha detailed anslyses of the deslgn change .8 pre-

sented in Reference 5-7. The paragraphs which fcllow briefly desecrlbe

the desi rn process. Figure 5-5 19 a shnylified vleock diagram of the

-

OPEP control lcop. A detailed discussion of the model apvears In

Appendiv C.

0
bV

Cear Drive

. T

+ ' .
- - lTO/bJ [*] - E:;%n\ Wabble - / o
f;%\\\ = Gyrocompas ! : ,MDLLV?/>~* . *~K\ Shad

Figure 5-5, Simplified OPEP Block Disgram

-With the inhibit logic in the roll reaction wheel, it was assumed that
the largest megnitude of body roll rate would be ons-half of the

value observed for CGO-III when the reaction wheel was limit cycling
(i.e. 1/2 of + C.1 deg). For the worst case where the OPEP gyro input
axis ig aligned with the spacecralt roll oxls, the gyro weould sinply

sense roll rale

5~13



*

$ = roll rate = .125 gin ot dez/sec

and ® = eoscillation frequsncy of the roll btody motion,

2.5 rad/sec

The OPEP control problem can now be easily formulated. It was desired
to redesigu the system such tha%vthiu disturtance would not resuit in
a sustained OPEP cscillation. The simplegtAmethod is to low-pass
fiiter the gyro output. However, becsuse of the large phase lag In-
troduced by simple lag filters, the stability of the contyol system

becomes o major factor in the design.

5..1 OPEP ¥ilter Design

Because of realizability and hsrdware limitations, the filter
wvas gselected to attenuate the roll rate to gbout one-half the deadzone
at the frequency of interest. The chosen filter has a trensfer functlon

ot

To study the effect of adding the lag filter to the unmodified OPEP

configuration, a closed loop stabllity anclysis was uade.

Pignre 5-6 illustrates the control sysiem vhich was analyzed
and shows the descvibing function stability analysis. The stability
analysis is represented on the gain (db) versus vhase (deg) plot.

Limit cycle operation will exist if

1

1
Ry Ky, N(x)

HG (Jo) = -

However, with the filter inscried, stability margins are greatly
.reducedr In foct, for the orbital rate corresronding to the B30

Orbit, the OPEP control system could limit cyecle. As indicated by
Figure 5~6 no limit cycie exists for the ummodified OPHP configuration

and theve are swple pain and phase margins to insure stabllity with

51k
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.

variations in the control system pd ameters.

stabilize the OPEP control loop merely required the addition
of a fTecdback path Crom the bistable switch output to the {ilter input.

This contrel loop is shown in Migure 5-7. The feedback can be con-

1

-sidered form of rate feedbacx. That is, when the drive wmotov is
tﬁrned on the COPEP. shalt drives at nearly constant rate. Theretore,
the bistable ouipul voltage is in a sense praportional to the OPEP
rate. The analysis in Appendix C shows how thoe feedback provides

stability, and the necessary paramcter limits for stability.

B BY-STABLE
FLUITR f—~-——y---———
- A —— I o, v 0T
L 7/ 1 Drive
= GYIoCompas . SO IS S £ /-t N U5 S rive
, = j) S DG ! /’I I iwz(o/‘[ T Dynanics
1 - - i 0oy
R b d ) -
< A RN

;-

Figure 5-7, HNew OPEP Control Loop

™~

hno*hér mcthod of locking at the loop stubljlfy is 10 note that
the addition of +hn fPLdb“\K loop and layg filter Torms a pulse mod-
ulator. If a constant error input is applied rom the gyroccmpass
the drive motor is turned Mn in & pulsed feshion. This design is in

fact the pulse ratio modulator discussed by Schaefer in Reference 5-8.

For stebility the minimum on timz of the modulator must be such
that the motor does not drive the OPEP tbrough the deadzone. There-
fore, the feedback gain K was selected as o resuit of the following
arguments. ‘The OPFP drives at a unearly constont rate of 1.6 deg/sec

when turned on. The wminimem deadzone occurs for an EGO orbit end is

5.16



3.0 deg. Therefore, a gain X, which produced a minimum on time of
? seconds, was seclected. Thnis results in & minimum OPEP motion of

3.2 deg.

The implementation of the medulstor design proved relatively
simple so that this modification was selected for the OPEP.. The im

plementation aspects are discuuuod more fully in Reference 5-T.

P}

5.5 TINCREASE OF GAS DRTAY TIME CONSTANT

In reference 6-4 an analysis wes made of the gas consumplion

g2
id

caused by the sun passing throuzn the scocaner fic F view as the

&

OJ

spacecralt compleies o post eclipse turn. The problem arisass Lp-

cause followilng eclipse the sun is near the horizen. As the space-
craft reorients to.point the -y sxis at the sun, the sun>may Pass
through the field of view of the B or D zcanner. Thig causes a juap

in the scaaonertrack point which can fire gas. It was found, hovever,
that if the gas delxy time constent was 15 instesd of 1?2 seconds that
v1ruua11y all gas consumpticn from this souvrce was eliminated. There-
fore on all future spacecraft the gos delsy times constont was iuncressed
from a nominal value of 12 to 15 seconds. This changzs was incorporated

i3

in all the simulation studies reported in the section which follows.
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6.0 ACS PEUFQRiAnEs VORIFICATICH

Before the chenges to the ACS discusszed in the previous section
wvere selzcted, apolyticsl and snalog computer simulatlon stulles were
made to establish feasibllity. Due to the schedule pressure, however,
a cormlete study of performance and stability was not possible. There-
fore, extensive snalog simulation studies were developed to thoroughly

eveluate the design changes once they were chosen.

One simulation study examined the single axis small angle per-
formence. Kach control loop (i.e. pitch roll and ysw) in both Mode II
and Mode IXI configurations vas examinced, The significant flexible
appondage dynamics affecting zach exis vere simulated. The sinulation

detail and resulis are discussed in Ssction 6.1. Simulation plans

and other details are glven in References 6-1 and 6-2.

The second simulstion wes a large angle rigid bedy study.

et
e
=4
0

o

the effects of the ACS changes on earth and sun ascquisition vere

ovnlvated. fTheans results are discussed in Section 6.2 and Reference

6.1 SHALL ANGLE STMULAT

TOMN STUDY

6.1.1 Purpose

£

The purpose of the single axis analog simulations was to determine
the ACS performance with the design changes and to verify the system
stability. To review briefly the salient changes were the follewing:

‘ . . . (e}
1) Solar Arrey - The solar array deadzone was increased to 0.9

nominal and a reversal delay logic circuilt was added,

2) ol) Channcl - A reaction vheel reversal delay logic was added
and the gas delay loglc time constant was increased from 12 to

15 seconds.

3) Yow Axis - A reaction wheel reversnl delay logic was added for
Y. . A fos .
the normal mode (Mode II1), and the gas deadzone was incremsed

from 2.5 w 5 degrees nouinal for sun acguisition (Mode II b,c)e

6-1



L) Piucn Axin - The gas delay logie time comstant wos incressed from

12 to 15 seoconds.
P

5) OrEP - Control logic vwas modificd to a pulse ratio wodulator,

The stability aranlysis discussed in Section 5.2 indicated that

adequate margiﬂs existed in the flu tible body stability margins. These

aralyses did not ¢ der the eiPect of the inhibiv logic nor varistion
in system paramevers; thv analog simulations, therefore, provided a

more complete check of the stobility of each contirol channel.

6.1.2 Dascrintion of Approach

6.1.2.1 foll Axis Normal Hode {Mode IXT)

A majority of the simulation effort was directed to the 10l

channel duwring noirmsl mede becavse most of the caange; vere wade to

.
<

tite roll and orray channcls. The normnl mede simdation was broken

dovin into the subsecticons which follow.

To evaluate the effects of the changes on the solar array loop,
the solar array loop was initially Isolated from tha rest of the roll
control system. The solar array loop {(see Appendix B) wes comprised
of the followinz: sun sensor, solar array bistable,.inhibit, logic, motow
drive and zrray dynamics. The response of the solsr srray o atititude
erreors with npominzl and "worst-on-worst! cases paramzlers was dete

mined. The compeonent pLLamater values vere selectéd for two "worst-

L

on-vorst" grouvings to prov1de the most sluggish end most oscillatory
responses. The wost oscllliatory grotping vas defined as that which
produced the maximum coasting of the solar array drive after the bi-
stoble was commanded "off", The most oscillatory grouping was come-

prised of the following:

a) Distable - Minlmsms deadzone and maxiungs hysteresis.

Ry

b) Motor - Mexluum inertis, stall torgue end ne lecad speed;
Minlimm couvlenb friciion snd uwnulmg; wanimm lag
batveen Cire moior 18 cowsanded off and $ixs molor

turns 05T
69
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&) Soclar Array - Maximun inevtia and minimuwa coulomb friction.
@) Stiffness o linge between Paddle and Motor Cutput Shaft -
Minlmum

6.1.2.1.2 Hominal Roll Systom

Seversl checks were mode on the nominal roll system degign 1o
verify stabllity and determine control system performance with the re-
action wheel inhibit logic. To wverify the wheels would copture with
the inhiblt logic,-.the nominal roll systenm ves subjectced to initianl
rates and attitude ercors poivesn -57 and +5° 1in 1% inewements and
rates between O and oSO/sec in .1° sec incvements. To evaluate the
effect of solar array on ceem motion and :ontrol sysitem performance,

- . R o) 0
the solar arrsy vas driven at orbit rotes from 025 fosc, cnd .1 sec

"

ol
e

i

{maximum EG vslue). Poom dampling wes varied batween 0.0

KJ
)

et -
5% and .2

In order to provide an iadicailon of the margin of sufebty i a

fallure ccaurrved, the nominal systen was subjectad ©o the following

&) One side of reaction wheel bistable fails "oven.”
b) Gas inhibits and reaction wheel inhibits fail but can

be bypassed,

In the latter case a gas limit cyecle can oceur depending on orbital rate
end boom demping. That is. the frequency of colur array cogging end the
arnunt of boom damping will determine the induéed.boom occillation ampli-
tude., 7Thé boomfdémping was sdjusted until a gas limit cyele was barely
induced for orbital rates between 0.0ZSo/sec and alo/sec. To determine
the effect of the resction wheel inhibkit, the procedure was conducted

with end without reaction vheel innhibit.

With the gas inhibit Lypassed, regione of initisl conditions which
“yould start a gas limit cycle were determined. lHere the combined exci-
tation of gas firing, and solar array motion could be enough to excite

the booms o the point of sisrting a gas limit cycle. The system was
cheegked with and without a reaction wheel inhibit. The renge of initlal

; =D
attitude ervors and raltes ugs frem -5 o +57 ard O 1o O,SO/aecc

6-3



Lo provide an indication of the relative effects of parameler
variations on the stability and response ol the roll system yel avoid
an exhaustive numbor of compuler runs, the parameter variations were
divided into the four groups of Table 6-1. The paramcters changes in

1

each group vere selected to provide two "worst-on-worst' sets: the
most destabilizing and the most sluggisn. The direction of tne para-
mebter change for the most desitablilizing condition is also indicated
in Table 6-1. The tolerances considered for all the parameters are

given in Appendix D,

With all parameters nominal except fos one group, the rosponse
was evaluated to a given set of initial coaditions. The procedure
was repeated for all the groups. Tihe groups were arvanged in order
of relative parameter sensitivity by using the‘iime to termination

of" last gas pulse as a critverion.

To illustrate the overall system stability with worsi-on-worst

parameter stack-up, comolnations oi' the groups were selected and sub-

Jected to the same initial conditions previously used,

Table 6-1

Paravieter Variation Grouping

Items in Group and Condition for Most

Group Destabilizing bfiect ()
Gas, Gas Deadzone (minimum), Hysteresis -(maximunm),
, D P Gas Torque (maximuwn), Gas Inhibit Ilogic Time
>’ Constant {(maximum)
Reaction Wneel Wheel Deadzone (minimum), Hysterecsis (maximum),

Wneel Motor Torque (m“V;mum) and Friction

, .

(minimum), Wneel Inhivit Logic Time Constant
(maximun)

Control law Filter Time Constants (max1m‘n) Lead-lag
ratio {minimum), Total Inertia (minimum)

Poom Boom Inertia (maximum), Frequency (minimum),
Damping (minimum)




6.1,2.x.u Ges Consumption During Post Belipse Turn Sun Interference

The error signal shown in Figure 6-1 was used to: (1) reproduce
the results of gas tiring studies repofted in Reference 6-4, and (2)
determiné the effects of the wheel inhibit logic on the results. Since
in Reference 6-3, no solar array coupling onto the main body was simu-
lated, the solar arf'y'coupiihg was cmitted for coﬁsistency.

6.1.2. Boll Axis Sun Acquisition Mode (Mode II)

No changes were made to the roll system design for the Mode I1
configuration. However, a computer study was made to substantiate
the stability analysis of Section 5.2.3, illustrate capture capability

and provide an indication of stability witn "worst-on-worst'" varameter

stack-up. Computer runs with nominal parameter and a most "destabili-
zing' stack-up were conducted. e - -
6.1.2.3  Piten Axis
L S S Ny oy IR L L N e i o e ke el TVovtres vresee srevdes Fae o Ad bRl A MAdA TT
L e R S R R I R e k] DR L SR VR L O R ARG 20 ) -

or Mode II1I except for the increase of the gas delay time constants
from 12 to 1) seconds. Computer studies were therefore made of only
the Mode 111 centrol loop. A parameter variation study similar to the
roll {normal mode) vas conducted. Juns consisted entirely of response
to dinitial attitude and rate errors since no source of boom excitation
exists in the pitch axis. N,

6.1.2.4 Yaw SunTAcquisition (Mode I1)

‘ihe only change made to the yaw control system [or Mode III was
to increasc the gas deadzone from 2.5 to 5.C degreses. Thus, the
questions of primary interest were the ability of the reaction vheels
to capture and the stability of the flexible vody modes. Again runs
consisted exclusively of response to initial attitude and rate errors.
Parameter variations were conducted in a manner similar to the previous

channels.



FIGURE 6-1
Roll Errvor Signal Disturbance Due to B or D

-Scanner . Head Sun. Interference
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0v.1.2.5  Yaw Hormal Mode {Mode 111)

The wheel inhivbit logice was the conly change Lo the yaw nermal
mode centrol loon. The yaw loop perrormance was therefore, evaluated
wvith and without the inhibit activated. Agein since no source of boom
excitation exists-in the vawvw cnannol runs consisved entirely of re-

onse to initial errors., 'I'ne W&JOL difterence was that “hc Hacddock

S

antennae comprise @ new group and no gas grouping was used.

6.1.2.6  CPEP Simulations

The performence oif the modified OPEP control system was also

evaluated con tie analog cowmputer. The p imary cbjective was to verify

[

tnat the systom will cperate satisfactorily for worst case ~arameter
variations, partial failure ol lhe pulse ratic modulator and misaljgn—
ment of the gyro input axis. The steady-state brapﬂlnb errors of' the
OPEP control system for various OGO vaw axis turning rates were deter-

mined.

6.1.3  Simulation sesult

The assunptions, computer models, definitions of nomenclature,
and a delineation of parameter variations used in the simulations are

provided in Appendix D.

6.1.3.1 oll Axis - Hormal Mode (Mode II1)

The roll axis simulation included the effects cf kP-5 and EP-G

boom dynamics,” ‘the Solar Array and Solar Array Drive Dynanmics and all

ACS functions including roll wheel, gas and solar array drive inhibits.

6.1.3.1.1  Solar Array lLoop

The solar array loop was de-coupled from the rest of the roll
-system so that the effects of parameter variation upon its stability
and response could be studied. The initial set of runs were made with

the original C.5 deg nowminal deadzone. The solar array loop parameters

6-7



varied such as to produce the most de-stavilizing paramecber stack-up
presented in Table £-2. The response of the array drive lcop to an
initial 0.5 degree error is shown in Figure 6-2. With the de-stabili-
Z21ing pardme”ers a limit cycle occurred in the solar array loop. To
determine if the spring stiifness (K ) or the backlash (¢b) were the

5 . i

primary causcs of the oscillation, 'a rigid body representation elimi-

Loy

nating KS and ¢ was constructed. Trhe "rigid vody" solar array was

b as
still unstable ao illu

[o4]

trated in Figure 6-2B. The analysis in Ap-
pendix D demonstrates that vith the "worst-on-worst' parameters the
motor coasts across the 0.5 deyg deadzone thus preducing a Limit cycle.
Therefore, the solar array deadzone was increased to 0.9 + .1 deg.

With nominal parameters, the solar array 1lc>p response vas satisfactory
as shown in Figure 6-3A. The colar arvey loop parameters wer. changed

to the values of Table 6-2 except the solar array bistable parameters

were changed as follows: T ’
-0
0] = e
“dp
NG
h = .28

Under these worst-on-worst condit}ons, a:solar array loop limit
cycle resulted .in Figure H5-3B. As shown in Figure;'G-éc éﬁd'6—3D, by
either setbing the stiffneés-(Ks) to neminal or the paddle inertia
(Io) to nominal, a limit cycle was no longer produced in the solar ar-
ra& loop. Since the probability of all parameters values arranged to
produce a worst-on-worst stack-up should be small, the performance of
the solar avrray lcop with a 0.9 + .1 degreé Listable deadzone was con-
sidered satisfactory. Also of interest is the extreme sensitivity of
coast angle to parametcr variations. The coast angle increased from

o) o . ) , .
0.25 to 1.0 vy changing the parsmetevs from nominal.

6-8



Ty

Horst.on-YWorst

TABLY 6-2

n

Solar Avray loop Paremeters

¥*

Item Parameter Value
Solar Arra 1 2
O-l:ar f\lrdJ’ Tm 6() Slug £t
Moter
TS 6.5 ft-1b
W 1.92°%/ s
8
T 1.0 fi-1b
cim
C_ 55 (£t-10)/(rad/sec)

Solar Avray ’¢b§ .2°
Paddle K 560 ft-1b/rad
[~y 2
ID 15.6 slug £t
T 1.0 £t-1b
cp
Solar Array l¢dﬁl 4,0
= _ h C h
- i pl b
h
p2 .15°
by 7 hpl ' pe ,290
*
. where nominal deadzone is 0.5 degree
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6.1.3.172  lominal roll System Performance

As outlined previously, the stability of the roll channel with
the wheel reverssl delay logic was checked by observing the response
to initial ralte and attitude ervers. The initial body attitude,
¢ (0), and the initial vody rate, ¢ (0), were varied with all system
parameters nominal.« The roll anglé was variced betveen —50 and +50 in
lo increments and théifate was varied between-o and O.5O/sec in O.lo/sec
Increments. The systom was stable, i.e. converged to normal reaction

wheel control, irrespective of initial conditions within this range.

Fipure O-l shows the roll response to he maximuma atbitude and

te orror nsidered: @ (0) = 5.0 4 i Y = 0.5 des/s e ef

rate error considered; 9 = 5. eg 0) = 0.5 deg/sec. g ef-
fect of btoth the wheel and gas delay logic can be seen in the response

pattern. The booms are excited by the combined -torgues produced by

the wheel, gas and solavr array mwotion.

The effect of the solar array cogging on boom mobtion and control

fela)

Y

system performance was evalunted for various values of bocom damping
and orbital turning retes. Typical responses are presented in Figures
Pl

6-5, 6, T and°8.

These runs illustrate a peculiar performance asﬁect of the wheel
delay logic. The runs vere purposely made with 1.0 t-1b-sec initinl
momentum stored in the roll wheel. Beqause of windage and friction
losses the wheel will tend to run down and imﬂart a-disturhbance to the
spacecraft which causes an.attitude error. During normal operation
the vheel controliér vould tﬁ;h on briefly and bring the wheel back
up to speed. The wheel delay logic affects this normal sequence,
howvever., If the booms are excited to the point where the wheel bi-
stables are alternatecly switched on and off, then the delay logic pre-
vents thc wvheels {rom being switched on at all and the wheels continue
to run dewn. The body aititude error will then continue to build up
mtil the error is large enough so that only one‘bistable is turned on.
The delay loglc is then inactivoated and the wheel will turn on. This

effect can be clearly seen in Figure 6-5. 1In fact when the booms have

6-12
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reached the steady state ringing amplitude (approximately -10.25 deg) a
bod& attitude error cof 1.0 degree is necessary to ellow proper wheel
operation.

‘A word of warning is necessary here. It is {elt that the boom
motion, and attitude errcrs determined from the runs such as are shown
in Pigures 6-5 through 8 are extremely pessimistic. This feeling is
further supported vy the fact that the attempts to reprodudc the array
linit cycle on CCC—IIl with the analog model resulted in an order of
magnitude larger limit cycle. With these words ot caution the results
of several runs made to evaluate the effect cf array drive rate and
boom damping are presented in Table 6-3. The data should be repre-
sentative of relative perfeormance but nyt necessarily the proper magni-
tude. '

Another aspect of the runs shown in Figure 6-5 through 8 was that
no gas vas fired during these runs (not illustrated in the Tigures).
This was due tdithe cperation of the gas inhibit circuits. Fer example

in Figure 6-6, the "steady state” attitude error, §. is essentially

RSP N b . h
1 t

COmprLadu L1 o« g“%’tl'-'fJS 5i0us0ia of .00 dep peaR-ta-pask and an "o fset
of 2.0 deg. The filter output, ¢c’ is also comprised of an offset plus

a sinusoidnl signal. However, since the filter gain at this frequency is

10 1 5 + 1
s + 1)2 (t s + 1)

= T.5 at .k cps,
<T/!
the amplitude of the sinusoicdal output component of the filter is about
§.13 deg. pgak-to—peak with_an offset at 2.0 dégl " To fire gas, the
wheel bfstabléfﬁhét be continuously on for a period in excess of 15 secs.

Even though ¢C exceeds the gas deadzone (lo), the delay logic prevents it.

With gas inhibits inoperétive, regions of' beom damping aii orbit
rate (sclar array drive rate) for which sufficient bvoom excitation exists
to start a gas limit cycle were determined. Figure 6-9 shows the bounda-
ries of boom damping vs solar array drive rele for which a gas limit
cycle is started. As illustrated by Figure 6-9, lighter damping in the

bocoms can be tolerated with a reaction wheel inhibit,

6-18
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Als0 with pas inhidits inoperative, regions of initfél body atti-
tude crror and body rate errors which resulted in ges limit cycles vere
determined. The boundaries are shown in Figure 6-10. As illustrated
in Figure 6-10, the development of a gas limit cycle depends very little
on the reaction wheel inhibit. It must be remembered that these results
sunmarized in Figures 6-9 and 6-10 expected to be pessimistic for the

reascons discussed above.

The effect of one side of the reaction wheel delay logic failing
open was simulated. This merely means that the recaction wneel cannot
be commanded "on" in the failed direction. Tue other side of the bi-
stable is assumed to be unaffected. The results are discussed in the
following paragrepn. The analces run was too lengthy to reproduce for

this report.

The reaction wheel was initialized to spin.iﬁ the direction which
required periodic torquing on the failed side to replace windage and
friction losses. Then lack of torque allowed Lhe reasction wheel to run
down. This caused the spacecralt to drift over to tihe gas deadzone
Just as in the case of normal wheel unloading. Several gas firings oc-
curred until the wheel was completely unloeded and the wheel speed di-
rection reversed. The spacecraf't then drifted to the other side of
the reaciion whécl deadzoné<and returned to normal reaction waneel con-
trol. A disturbance was applied to reverse wnheel speed to the direction
of the failed bistable. This caused the spacecraft to again drift over
to the gas dcadzone and a pulse of gas rcturnéd'ﬁhé:Spacecraﬁt to the

reaction wheel control on the good side.

»

6.1.3.1.3 Effects of Parameter Varistions

The effects of parameter variations were evaluated by observing
the roll system response to initial attitude and rate errcrs of 5.0
deg and 0.5 deg/sec respectively. The nominal system response to these
initial conditions was shbwn in Figure 6-hk, In that run the time from
initiation of the run to termination of the last gas pulse wvas 219

scconds.
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k]
With all other parameters nominal, the "de-stabilizing" and

t .

"sluggish" sets of each groups in Table 6-1 were sciected and the
roll system subjected to the same initisl conditions. The results
are sumrarized in Table 6 winich illustrates that the system was most
sensitive to gas-parameter variations. The system response with

"worst-on-worst" gas parameter stack-ups is shown in Figure 6-11.

. 1

Kange of Times to Termination
Group of last Cas Pulse (sec)

Cas 175 to 373
Reaction Wheel ' 267 to 347
Control Laws 238 to 342

Booms 160 to.256 T

Sensitivity to Parameter Groups (Roll Axis)

'
1l
14

On

RIS EIE
WAL

The groupings were assembled to provide worst-on-worst overall

de-stabilizing parameter sets. The response of a worst-on-worst
group stack-up is shown in Figure 6-12. In this caze it tcok nearly '
765 seconds to the time of the lzst gas firing.

‘\\’.‘

€.1.3.1.4 Gas Consumption During Post Eclipse Turn Sun Interference

’ ~

Sun Disturbance - As previously mentioned, the control system

was subjected to the sun disturbance of Figure 6-1. The results of
Referecnce 6-3 without the reaction wheel inhibit were not reproduced
exactly; but the same general trend was obtained as shown in Figure
6-13. The major item of interest is that less gas is used with the
reaction wheel inhibit. A typical response is presented in Figure’

6-1k,
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6.1.75.2°  Roll Axis Sun Acquisition Mode (Mode 11)

The roll sun acquisition simulation also included the effects
of £F-5 and EP-6 boom dynamics and all ACS functions. No wheel or
gas Inhibits are activated during Mode 1I, however. As previously
mentoned, the computgr model and parameter values used in the simu-
lation are provided in Appendli). With nominal parameter values,
the :zcponse of F'gurc 6- le.was ovtained. Even with a worst-on-worst
desizbilizing parameter stack-up, the system responded well as shown

in Figure 6-15B.

6.3.3.3  Pitch Axis

The pitch simulation incluc2d the effects of flexible solar

padiles and Hazddock antennae dynamics and all ACS functions including

s’ - -

gas inhibits. . .

The response of the nominal piteh system {(Mode I1I) subjected to

. 4 e ) ~ e n e e
tal qurvltuiae dnu Ja’'vae UICxrs O

r
!,.J

.0 deg and 0.5 deg/sec is shown

i1

i1l 7

e

in Figure 6-16A. The time from initiation of the run to termination

of wne last gas pulse was 139 seconds.

The system response was also evaluated with the de-stabilizing
and sluggish pdrameber set of each group in Table 6-1. The Haddock
antennae paramelers were varied in the manner the LP-9% and EP-6 para-
mets rs were changed for the rcll axisg The results are presented in
Tatle 0-95 which illustrates that the system Jas'most-senqitiye to

vartations in the-gas paxametc~u; The time to termination of the gas

>

-

pulse varied from 65 secconds to 211 seconds amongst the groupings.

Range of Time to Terminaticn
Group . of last Gas Pulse (Sec)
Gas 118 to 197
ileaction Wheel B 195 to 150
Control Law 137 to 160
iiaddcck Antennac Ol to 95

Parameter Seasitivities (Pitch Axis)
TABIE 6-5
6-28
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Tne groupings were assembled to provide vwerst-on-worst overall
de-stabilizing parameters. The response of a vorst-on-worst group

stack-up is shown in Figure 6-168.

Initially the vorst case reaction wheel torgue was reduced to
50% of the nominal value. Under these conditions the wheels did not
capture and a gas limit cycle occurred. Howev r, further checking
showed the reaction wheel torgue is never less than 65% of nominal.

The run in Figure 6-16B with tiis minimum wheel torgque was stable.

6.1.3.%  Ysw Sun Acquisition (Mode II)

The yaw simulation included the eff{ects of EP-5 and EP-6 boorn
dynamics, fle :ible solar paddles, Hoaddock antennase dynamics, all ACS

functions including the pgas deac. .one increase from 2.5 to 5.0 deg.

The response during'sun acquisition with nominal parameters is
shown in Figure 6-17A. Initial conditions werc'é 1.0 deg attitude
error and 0.5 deg/sec rate crror. Similar to the pitch and roll
studies,; the parameters were broken down into groups and the system

~ree

response evaluated ror the same initiel conditions as the nominal sys-

0

tem. Ho significant differences could be discerned between the re-
sponse of the group by using time from termination of the last gas
pulse as,the criteria for determining relative stability. Even with
worst-on-vorst parameter stack-ups, the yaw axis responded satisfac-

torily during sun acquisition as illustrated by Figure 6-17B.

.

6.1.3.5 ° Yaw Axis Normal Mode (Mode II1X)

The yaw respénse for normul mode operation with the reaction vheel
inhibit is illustrated in Figure 6-18. With worst-on-worst parameter
stack-ups, the yav system also responded satisfactorily as illustrated

in Figure 6-19.
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©.1.3.6  OPLP

The OPLP.model is presented in Appendix C and the analog schematic
is shown in Figurec -9 of Appendix D. The nomenclature and parameters

used are given in Appendix C.

Figure -20 shows the response of the nominal OPEP system for an ini-
tial OPEP attitude-.error, ¢é(o) = 10 degrees and no yaw bodr attitude
command. The cases with KD = ,226 and .3% correspond to the POGO and
EGO orbits, respectively. As KD is increesed, both the system response
time and étability margin are decreased. Limit c¢ycle operation occurs
between KD = 0.3 and 0.9, which is more than double the nominal system

cein.  Inc eases in KD could result from either or gll of the following:

a. Deercase of the deadzone
b. Increase in orbital rate -

c. Increasé in motor rate

It is not likely tihat the uncertainties or variations due Lo age will

cause the combined effect of over a 100% change in gain.

- Figure $..21 shows the OPEP performance for the following assumed

worst case parameter variations:

‘a. JFilter time constant is increased by 50%, = 30 sec

T
f
b, Coulomb friction is decreased by 50%, TC = 1 ft-1b

c. Motor viscous friction is reduced by 50%, which increases

. N
the motor time constant. ' -

- T

d. Modulator feedback gain decreased by QO%;-K£A="1.M7.

For these Variations, the system performance is seen to be acceptable
for both the POGO and EGO orbits. HNHowever, limit cycle operation will
now occur for KD between 0.50 and 0.54. Therefore, the gain margin has

been decreased from the nominal case.

Figures 6-22 and 6-23 sghow the OPEP performance for an initial
attitude of ¢§ = 10 degrees, under the assumptions that the gyro input
axis is wisaligned by plus cr minus 0.2 degree. Figure 6-22 corresponds
to negative rate feedback, while Figure 0-23 corresponds to positive

rete feedback. For negative rate [eedback, the response is more sluggish

635
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than Che nominal system but the CPEP will not limit cycle for a 100%
variation in KD. For positive rate feedback, the response is faster
tut limit cycle operation will occur for KD between 0.4 and 0.5. There-
fore, as expected, positive rate feedback decreases the gain stability

margin.

Figure 6- 2k show; a failure mode OPEP response vhere one of the
pulse ratio modulaﬁbf feedbeck lcops is disabled. Although 1t can be
seen that the OPEP will converge satisfactorily, it takes much longer
to reach shteady-state. The system did not limit cycle for a 350%

change in KD.

Figure (-22 illustrates the tracking capability of the nominal
. O
system. Three cases are shown for yaw body axis rates of 0.17/sec,

o . o , " . , .
0.25 /sec and 0.5 /sec.” The maximum OPEP pointing error is tabulated

belov. _ - o
TABLE 6-6
OrxY Kollowing Error

Yaw Rate Max OPEP Ervor
(deg/sec) (deg)

0.1 : 11

0.25 1Lh

0.5 N 18

c i - - N

6-40



AN T

Q
0¥ OT = (0) 4 ‘sxaqsurerog TOUTHON -PaTqusTg ST SAoOT HOTAPeag

J03BINPCR OT3BY ISTRG JO PTG OUQ Wy IVUNEIOFIDG WRASAZ TOIUOY JFA0 POTFFOON  4z-9 aandig

. _.Guasw.au | (1230 s2r00 « Ty
T HET EERRgEaEaTARAAsuaRd A
HEEE N SEzEms===UNEREIESRSITT
B T m A <=fh _v Wl P 1 el rt.mj H.J M .. -fwit. ¢rrmdo *
S TN T 05 g
j 8 fm_ SEELC unww%; T P o
L R R e
T SR
T T T Hn =
LT b = Tiu,quL.T 2 ot
T 5 1 1 EETE () B 1o 2 10 1 ) A
f H FEERH R AT .

™ e
o HEHH B! S RAEEEIes
o R -
25 0 1 0 O AR U LN LT =
T SR
HeEbi LA LR 1 IEENERPUNRNS T
4t Ij{ - 11 / =0 I
P B 1.-.: h-p b _ T, .l._r 1 Tw.- AL 1
{ i .. 1 3 H. _.. i€ - w 111\”\%( w- z |..i_..
M R o . =1 -
“!ru._._%l,}ﬁ_. 4 S Q& 5
=1 wwxrﬁ., “__ .vw\ AREEN ,p “. .\.,T Hln.o Cy
i T J,w .‘w : = T “ f et
- s ARQRaRRaINANE N
HHLLGE R
T FEENRE L e
HHHHH HE BNRRNERERR=E2oo6 W

641,



3010 0004 ‘. (9E0) 9220 = Oy ‘saoqomexsy Teupumoy
*S33%Y SuUTUINg, ABJL JUBISUO) JOJ 2VJUTULIONISS Wa3sSAg TOIUO) JEI0 PSTITPCH §2-9 sm3tg )

335/030 010 &

ass/onacse~ ¥ 235/039 580« ¢ ) f
o L 0 S S O B 0 ] T 0 D T I spRE N R R G RERE R L e Wl
U T O T T e M
T T A LTI gEe=ECIpEcY =5 S ¢
_ ERSRERRRURSRNTRARNREE AR ORE RN ERRAR R RERS RS EREETE 1
: : NSRENZRREERE _.ﬁ-: iae ENEEEIREERSERUNENSERUNANTNESORERRES 20 ¢
A 3100 1 | T PR RS
il ! | pdol I (2 1| | | ] i : !
g A Sl RLEREE S8 LS dad S SasE e 1 18 o o o B X 8 0 O 0 o O
K ST SaARED H_m ;-%m 1558 ‘7_ I e e e by NEE=R
_. = : ._ : .* L ﬁ i1 m_ xv ﬁ i i E |W s ) i 0 _.R.wmnu i
- T..ﬂw,.\. ..._a - _\ »\W«v i . |» .xmu 1 ! __ 1 J..Nwl.!u. —T i T qi!.L*-. p g .A_ ] iEE x.J %4 :
m M.‘ ..._ et = o i ; = - .,111103 .
h_ | :
_
|
!

1
I ﬁ,.,h._r_.......

+ :

&

\

¥

RS D
——A—.—_—_.—;-__l_.
T
b
i
o T

_'H,l._,.... it

¥ |
et -
.—.54.-4.-44_._.',......_..
1 s > i
ety

gy

11 i
B

] |
| 5 Pt

i
i

|
gy
T

=5 S P SR S ST
=

I S S

]
!
-
!

]
i i
|
8
1

1
=
1
i

RERRERNARS H d:
O (R JERRNEY
umg e U Wl _C" U [ | _.r._ UK, 18 o 1o i

;
!
1
-
[ =

L
N |

— -
¥

SEELNIZNAVANNL MYV

i

it
I
> 2

-

———

‘
T
+
)
|
1
139
it B et B
bl o | i
1
:
H
e |
)
i
it
i
:
!
gty
T ! !
P D
=

J
I
=

Aot i r-‘;*——-w-"‘i“’*

|
i
i
|
i._

£ B

b
B
~ o
-
G
..'g
8
T T ST T T P

6-h2

§
C

HISSEE )
1
el At

|
13
—
s
T =

L
i
|
i g
1
=

il N e TR S
. - 1 .
} i
d
J |
¥

_T

AL
=
5 S
s B
_*\ Y

I ‘\;_"_ £

\
o

A

3
6
W EAK
--d‘---
]
._‘.“

R

1

|

4

| £ : x J . . T i3, B 1 8 5

| ! 23 { ‘ 8 r ! . ._ \ 11 ]

F | NENE s agas g AT e ]

] v PR el P S B4 N 0 JOT R < It e - =S S A S P = v | s OB RS T S o

_ ; ; ] ! E -.m . w * -t

i ‘ - -1- - n .- ~t=t-+ - b-ted-t fod-4-4 -1 -1 —p -t = = = 3

| I JLk 119 8 00 o 1 .q,“; 1 5= i i i e b _il,luo P 3
| s | fag e B |
| ﬁ & 1) (- l.” _ _... e il i m--l ,_1. wu. I._..- ll\.\iw&. $ el W 1RIL 4

¢ | i
Vi 3 3
1

|

1

e e e e e

5
<
j.
-~
190 0
TS
X
] R
s .
b

\

. ¢ _ Al 1A L fotels : ki £ : { airan '
B T B B i L “_
T BT e
”.' i ! m..—,._. l_ ..\_v \.q‘_'.;\\ n T o e _r..“..!ah\...u.;tlm!r\h.\&\x..‘w .*.I.T\.m.&. m.l. |.T.._W|I.|T...L_.va.. ] 41.._!.. .nj TS # = ]
| i 4 . “. ,..... , m i b=t =t 4 § mum I ot = 5 'L_ =t e i mi ¥ == [
T DTSR LR R i B |
B 4 H . IRRaE ARERERANE AREERERERRT EERENNNRANNE
HM | “.n-...;ﬁ : _ {LH-- 0L~ r -....ﬂl. -M - %ﬁ% luw—- -.m _%.m: 1 ee- - Ml M*_ =f A_J e u— B J..Ywiﬁr - s ..fllhul T
SEER m 3 1 0 0 0 g ST rE R e e T
M _L _ ! t ! . X .\T:_..rc B ... m i -.,ﬁ. .r# _._. ._1_.W“M|MVWNAu.fJ o J _71"_ Lo + 3 ﬁ A 1H.M 3 S i Iw- .A' * |.||w|||.g L _Lt\..\.ww.o Aowe M
it _ 1 3 M(. ! “4 + : ” n " _ 1 i

o
P
e
)
E_
H
Y
2
i
it
simeEEs
-4
{0
3
=}
ma
bt
;—\
L
bl
ot

I

(i LA
LL
e
i

2
L E
S v
o

7,

MU
f__L
b

e & e ceer

D
N

&
-

-



T

6.2 LALRGE ANCLE STMULATION STUDY

6.2.1  Purpose

Though most of the ACS chenges would have no direct effect on
acquisition it was necessary to eliminate any doubt about the potential
effect of the changes. The only chenge which could directly affect eac-
quisition vas the widening of the yaw gas desdzone from 2.5 to 5.0
degrees. HNormally the reactlon wheel and gas delay logic would be
disabled during scquisition but it was deemed necessary to verify the
ability of the ACS to acquire even though the delay logic was active.

6.2.2 Description of Studies

Variations in Attitude Control System configurstion eveluated for

sun acguisition were:

(1) The nominal OGO-D System.

I - - Rl T i SN o B WU U S - r Fal - . t
‘he nominel OGO IIT Oyavam which differed from the OG0-D

~
v
[

3
Ca

o~

system in.the size of the yaw pneumatic deadzone employed

(2.5 degrees compared to the OGO-D value of 5.0 degrces).

(3) A fallure mode where the pneumatic and reaction wheel in-
hibits ere activated. '

(b) . A failure mode where pitch control is not provided due to

a feiled rate gyro. .

" (5) The nominal configuration with wofét'base'paramepgr toler-

ances..« - - -

-

A nominal ACS configuration was employed in earth acquisition
studies. However for reacquisition studies, a departure from the
nominal system was made by ectivating the pneumatic and reaction wheel
inhibits; this constituted & failure mode arising from either an
actual logic failure or inadvertent activation of the inhibits by
ground commend. The impulse requirements were thus somewhat larger
than would be expected. A vworst case combination of parameters was

also evalunted.
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6.2.3 Simulation Model

The analog computer simuletion of the OGO ACS and vehicle dynamics
allcwed the evaluation of rigid body response during sun and earth ac-
quisition for unrestricted initial conditions on bvody attitude and rate.
Six direction cosines were needed to provide attitude references with
reszect to the sun and earth. Dnift correction for the direction co-
sires and orbital dynamics were nét required._as acguisition time was

re_stively short.

Figure_6~26 is a block diagrem illustrating the model used in The
arziog simulation. The équatious employed in the mechanization ere
given in Reference 6-3. The sun sensor end horizon scanner angles,
anl scan heau tracking legic arce derdived using directlon cosines. A
siznlificaticn of the sun-earth referenced coordinate system was possible
fer acquisition studies - which did not restrict vehicle freedom-by

selecting the sun-éarth line normal tc the orbit plane.

Al) pertinent limits have been mechanized: sun sensor and horizon

scenner ranges, elecironic iimits, electronic aynamlc ranges and re-
aczion wheel saturation. The bistables are electronic switches with
positive feedback to preduce a hysteresis characteristic. The reaction
vwheels have cquare torque-angular momentum characteristics: the torque
is constant 1rom zero to maxXimum velocity. Keaction wheel end pneuratic
in~ivits have been breadboarded using OGO circuits. In the % second
inkibits, OGO transistors have been uscd as the transistor current
gein influences the inhibit time. The 5 oucond ‘inhibits, employed in
rozl and yaw, prevcﬁt reaction ‘wheel reversal for 5 seccnds. The 15
second inhibits, emplovcd in roll and pitch, prevent operation of the
pnzumatlc controls until 15 seconds after initlation of reaction wheel
control. The pitch and yaw pneumatlc torques are reduced by one-half
wnen they exist simultaneously since pitch and yaw controls employ

the same Jets and always have one pailr of jets.OPerating in opposition.

Mode switches establish either sun acquisition (Mode II) or normal
mcie (Mode IIT1). In Mode II roll end yaw control signals are obtained
freo the sun sencor and pitch contrel feedback is provided by a rate

gyrc., Roll bistable deadzones are 2.5 times higher than in Mode I1I1I.
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In Mode 111, rcll and pitch control signals are obtained from the hori-

zon scanners and the yaw control signnl is obtained frown the sun sensors

as in Mode II. Yaw pneumatic control is inhibited in Mode III.

The direction cosines are used to determine which heads are non-
tracking. This -dnformetion is used to set logic switches to provide
the proper computétion of’ roli:and pitch angles {rom the head angles.
If two or more hééﬁs are not iracking, control about all three axes is
inhibited. If control is not reswumed within seven minutes, control

will revert to the sun acquisition mode.

6.2.4  Simulation Results

6.2.4.1 Cun Acquisition (Mocde I1)

In Mode II the ACS attempts to point the*body negative y-axis
(»yb) at the sun by countrolling ioll and yaw body motions. The body

pitch rate is commanded to -0.45 deg/sec.

Sun acquisition was initiated from 25 positions over the vehicle
sun unit sphere (vehicle at center of sphere end unit vector directed
towards the sun). Bach position was evaiuated for 17 sets of initisl
bedy rates (combinations of +1, +0.5 and O deg/sec). Initial condi-

tions evaluated are shown in Table 6-T.

The sun acqguisition perfofmance of the ACS with the increased
yaw pneumatic deadzone was eveluated using. the initial condition sect
descrived above. The impulse, in units of lb-sec néédéd—éb acquire
the sun from e;cﬁ set 6f initial direction cosines - for the worst
case combination of body rates - are indicated in Figure 6-29. The

large circles represent planes of constant a_,_, intersecting the unit

22

sphere. Data points for the sppropriate initial values of alZ are

indicated by small circles.

The maximum impulse reguired for Mode- I1 was 70 1b-sec for ini-
: 14 44 g = 5, = = ~U. = =
tial conditions of a1, o, 8oo a32 0.70T7, W uE‘ 0.5, and
W, = ~0,5 deg/sec. Acquisition time was 9.2 min. In general 5-15

ib-sec impulse and 100-150 sec were required to complete sun acquisi-
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TABLE 6-7

1 Sun Acquisition Initial Conditions
Case a & a
1 0 -1 0
2 . T07 - 707 0
3 =707 - 707 0
L . 0 o . =707 STOT
5 0 = -.707 -.T07
6 0 R J0T - 107
7 “0 707 TO7
8 LT07 .TOT 0
9 =107 <107 0
10 - 707 0 L7107
1 - 707 0 - 707
12 -T07 0 - (07
13 <707 0 <707
14 ST =TT =TT
15 - 2TT - 07T - 577
16 - 57T il STT
17 577 -.5T7 T
18 511 ST T 577
19 =0T STT <STT
20 - 577 : 21T =577
21 D77 ST7 “ 51T
22 . G o 3
23 0 0 -1
2k -1 0 Y
25 L 0 0
Ra‘;e§ o= =, = Al.O, 0.5, and 0 deg/sec .
Sub Case o 2y e
a 4. ’ + e - + »
b - -+ - + -
c i + - -
d o+ - o+
e - - 4+
f - + o+
g - + -
h - - -
i 0 0] C

6-U7



(e eater than 1.0 -~
- {=a) Bos BUE ter than 1.0

(b) a,, less than 1.0

Figure 6-27 Worst Case Impulse for Sun Acquisition vs. Initial Orienta-
tion for VWorst Cese Initlal Pate Combination

# (70) indicates 70 1b-sec of impulse was consumed to acquire sun from
a.., (0) =0 =& 5. % Con = -.707 For worst case set of initial rate
conmbination vhtén in*lnis case vas w, =, = 0.5 end W, = -0.5 deg/sec,

Y
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tidn for 322 (C and 20-50 l1lb-sec impulse and 100-300C sec for a?z 0.

Sun acquisition was evalusted for several configurations other
than aominal to determine if the sun could be acquired in the presence
of noncatastrophic feilures or for worst case system parameter toler-

ances. Configurations evaluated were:

(&) The new nominal sysﬂem (CGO-D).

{v) Pneumatic and reaction wheel inhibits active. This could
only cecur for a logic failure since the inhibits are

- nermally deactivated during Mode II.

(c) FHo pitch control. loss of pilteh contrel could result
from failure of the rate gyrr.

(@) Former nominal system (0GO-1II). The significa.t differ-
ence hetween the former end new rominal ACS insofar as
Mode 1I performance is concerned has been thé widening
~of the yaw pneumatic deadzone from 2.5 to 5.0 degrees.

(e) Worst case tolerances for vehicle mass properties and ACS
paremeters. Worst case tolerance polarities chosen vere

obtained from single axis studies.

Configurations other than nominal were evalusted only for
8, {0« Figure 6-28A and 6-28B are brush recordings of vehicle response
for the nominal sysiem and the four variatlons from nominal for ini-

tial conditions of s, = -1 and body rate = 1 deg/sec (except for case
[

[av)

c). The sun was acqguired in all cases. Fominal system response 1s

shown in Case a of Figure 6-20A and 6~288., e

Tge effect of activating the pneumntic and reaction wheel inhibits
was to reduce system damping (see Figure 6-30 and 6-31) and thus in-
crease jmpulse re@uirements and acquisition time. The sun was acquired
generally within 400-900 seconds with 30-70 1lb-sec impulse; this com-
pares with 100-300 seconds and 20-50 lb-sec impulse for the nominal

system.

AYL 25 combinatilons of direction cosines were evaluated for Case (c)
above. Zaro initiel tody rates viere employed te accentuste the effects

of not controlling piteh. In general the impulse and scquisition times

6-49
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Initial

TABLE 6-8

Dirvection Cosines Tvaluated in Mode IT1I Studies

. Byo = 0O ] €00 0
Ci}i? 313 a23 a33 322 a > alz a32

1 0.2 0.2 0.6592 | 0.9790 | -0.20%1 | 0.9760 | -0.2041
2 0.2 -0.2 " " + " -

3 ~0.2 - | -0.2 n + " +
4 -0.2 0.2 " - " -

5 0.k 0.2 0.804k | 0.9759 Lo.2182 | 0.9228 |-0.L0S2
6 -0.h 0.2 " " - " +
7 ~Oult -0.2 " " + " +
8 0.4 -0.2 " " + “ -

9 0.k 0 C.G165 | 1.0 0.9165 | -C.h4
10 -0.4 0 " " 0 L 0.4
11 0.2 0.4 0.894%4 | 0.9128 }-0.L4082 | 0.9759 |-0.2182
12 0.2 -0.b " " o oo -
13 ~0.2 | -0.4 n y + " 4
1k 0.2 0.k n n - x i
15 0 C. b 0.9155 | C.9185 -0.4 1.0 e}
16 0 -0.h " " C.h 1.0 0
17 - 0.3 0.5 0.8124 | 0.8517 |-0.5241 | 0,9381 |-0.3u6h
18 0.3 -0.5 " " + " -
19 -0.3 -0.5 " " ‘+ " +
20 -0.3 0.5 " " - " -
21 0.5 0.3 " | 0.9381(-0.346k | 0.8517 {-0.5242
22 0.5 -0.3 LI ot “ g}
23 0.5-. | -0.3" " " + B
2k -0.5 0.3 o " - " N
25 0.6 0 0.8 1.0 0 0.8 -0.6
26 -0.6 0 0.8 1.0 c.8 -0.6
27 0 0.6 " 0.8 ~0.6 1.0 0
28 0 -0.6 " 0.8 0.6 1.0 ¢

3
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APPENDIX A
SYSTEM DYNAMIC EQUATIONS

Figure A-1l defines a simplified single eaxls representation of
the 0GO as 1t would-eppear for rotations about the yaw sxis. In
addition to the aséumétions detaiied in Sectipn 4.1, the model further
assumes that each sdiér'arraj has a De Hevilland type boom attached
(60 E configuration) and that the "+x" and "-x" solar arrey boom comb-
inations are identical. Under this condlition, the flexible dynamics of
the solar srray and Haddock booms may be modeled as one solar array-
boom combination with a moment of inertis, spring and damping constant

equal to twlce that of a separat= model for each side.

The model shown in the figure is modifiled depending upon the

P

axls under consideratlion as defined below.

Roll - Torsional rotation of the solar array is neglected so the
ripgdd body inertis Tﬁ includes not only the CGO main box
but the solar arrays and Haddock booms. Only experimental
bocns EP-5 and EP-6 are modeled as eppendages in rotations

about the roll axis.

Pitch- Neglecting cross-coupling, the booms E?—S and EP-6 are

e e e

- considered as part of the rigid bvody inertia IB and only

the solar asrray and Haddock booms are modeled as appendeges.

Yaw -~ Experimental booms EP-S and FEP-6, solgf arrey, and Haddock

booms ere modeled as appendages (Figure A-1).

Symbols are defined below:

My equivalent mass of two Haddock booms (slugs)
Ly length of Haddock toom (ft)
LA length from centzr of mass of OG0 main box to point of

attachment of Haddock boom on soler array (ft)

ay fundamentel resonant frequeincy of ith appendage (rad/sec)

A-l



Baddoek booms
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= C
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Figure A-1. Simplified Single Axis (Yaw) Model of OGO's Appendages
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Y

95) 4, ©

mcoment of inertia of OGO main box about its center of mass
(slug~ft2)

' o , .th ) -
noment of inertia of i appendsge about CGO's center of

2
mass {slug-ft°)

spring constant of- 1P appendage (ft-1b/red)
damping constant of e appendage (ft-1lb-sec/rad)

rotation of ith appendage with respect to its equilibrium

position (rad)
rotations of OGO's main box with resopect to inertlal space

about the roll, yaw, and pitch axes respectively (rad)

Lagrange's eqguation may be utilized to estanlish the equations

of motion:

o

d [af '] 3(7-U) AF _
= | S 1 - + = N, A-1
at qu J. Bgi A, C
wvhere
T 1s the system kinetic energy in terms of the generalized
_ ccordinates éi
U is the system potential energy in terms of the generalized'
coordinate Qy ‘
F is the Rayleigh dissipation function™ " - e o
N, is the applied .control torque
In terms of the generalized coordinates q = Wy ﬁl’ EZ’ §Q, and Eu,
1 c2 : e 1 ¢ 1y 1 . N
T=5Ipd +35T (b+E) +5I, (¥+8) trL (vt g
1- ‘.A L. ¢ ° - 2
=M + Y 4 € + L. ¢ -
7 I‘D[(LD by (v gg) v Ly gy A-z

A-3



1 s s 7 »
= 1w ' A-

U= 3 Zig K, & | 3

1=1

)

P 2D 5 e 4
F=35 2. %45 - A

1=1 - 3

Substituting equations (A-?,3. W) into (A-1) the equations of motion are:

? LA ve
+ L o+ 3 E +
L) W+ I €+ T g

[ Tt I+ I L3 + M (L 1

! D

' 2 & . P
vl I3 iy (L + LA? ] g3 MLy (T LA) 5, = Wy

ooy + 108

= & —
1 + cl gl + Kl = 0

171 "1

[I3 M (L + LA)”](é rE

) -+ :‘“ + K MY ‘", i) 3 =
3) C, § 3 €, F My (I + L) § =0

3 D

) . , - ,
,K‘ i3 F S B . 4 -
My Ly (L + L) (v + 33) My LT g FC g K =0

where NC = Nw + NF + Np the wheel and gas control torques and solsr array

B}

drive reaction torques respectively.

.
The rotation of OGO's main body about the yaw axis and its inter-

action with the "lexible dynamics as a "unction of applied torque N, may

y¥(s)

be investigated Trom the Lransfer Tunction i Ts) obtained from the
c

<

La Place transTorm o" the equations o motion (Equation A-5). Rotation
about pitch and roll is also defined "rom Equation 4.5 by deleting the
appropriate appendage equation and incorporating the appendage into the

body inertia.

The numerical values used in the analyses are sunmarized in Table A-l.

The spring constant X, and damping constant C, are chosen to yield the

i i
same resonant frequency and damping as that of the appendage when canti-

levered, 1.e.,

AL



T
and

Cl - ZIi“@i Ci
vhere A

. 1is the estlimated appendage damping

. ,th
w, 1s the fundsmental rescnant frequency of the i appendage

[

determined from a bending mode snalysis.

5
i
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Homent of Resonant . Spring Pamping
Inertia Frequency Lamping Constant Constant
T (slug-rt%) | o, (rad/sec) |c. (%) Ky %
- . + 1 (ft-1b/rad) | (ft-lb-sec/rad)
YAW -
i = O(Main Bedy) 213
i = 1{EP-5) 216 1.51 0.3-0.05 ha3 1.95-0.32
i = 2(EP-6) 209 1.66 0.3-0.05 576 2.08-0.35
=
i = 3(2 solar array) 295 31.7 3 2.91x10” 556
i = k(Haddock booms) 52 0.145 0.05 1.1 7.6x10‘3
ROLL |
i = 0(Main Body) 2hs - gl
i = 1(EP-5) 216 same as|YAW 493 1.95-0.32
i = 2(EP-6) 209 samc as| YAW 576 2.08-0.35
i = 3{2 sclar array) 0 modaied aslrizgid body 0 Y
i = lh(Haddock booms) 0 modeled as] rigid body 0 0
PITCH
i = 0(Main Body) 57
1 = 1(EP-5) 00 nodeled as|rigid body 0 0
i = 2(EP-6) 0 modeled as|rigid bodyl.. O 0
i = 3(2 solar arrayd) 305 _ 3.k 3 Zﬂglxlos 556
i = h(Haddock booms) 52 T 0.1k5 0.05 1.1 7.6x1073
T = 6 t
Ly 0f
X = 80 ft
L, 7
2
I, = Myl

Table A-) Parameter Velues

‘ A6




APPENDIX B
SOLAR ARRAY DRIVE ASSEMBLY MODE

B.1 éggggytions -

A simplified schematic of the motor drive assembly is shown in
Figure B-1. The computer modecl schematic is included as a part of

JFigure C-2.

The following assumptions were made in developing the model. For

g more complete discussion of the model development see Reference B-l.

1. OSun Scnsor - The sun sengor can be simulated by a first order
lag with a 50 ni]]i"OCOnd time constont.

2. Bistables and Ma gnetic Amplifier. - The bLSvﬁble are assuned
to be a purely on-off element except for a turn-off time dela th's
of the bi-stable and motor amplifier which can he represented
by an ecvivalent increase ia hysteresis.

3. Drive Motor -

a) MNotor torquc/spéed curve is linear (i.e., the torque de-~
creases linearly with speed).

b)) Motor is rigidly coupled to main body.

¢) Compliance of coupling between motor rotor and wobble
gear output is negligible.

d) Static friction st motor oﬁupat shaft is negligible.

e) Coulonbd. friction and viscous friction in motor drive are
considered lumped parameters and are referenced to motor
shaft (vabble gear) output.

4. Poddles - '

a) Paddles are rigid. Only significent compliance of paddle
section i1s torslional compliance of zhaft.

b) Paddles are identical, thus may be counsidered a single

composite element.

0
~—

Wrap-up Coulomb friction forces act directly on paddles.
This is not strictly true but a great simplification of

the analog simulation results as compared to the case

B-1
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vhere the couloemb friction acts entirely on the shaft.

d) Structural damping of shaft 1s négligible relative to
wrap-up Coulerxd friction.

5. Coupling between Motor Oubtput Shaft and Paddle Sheft - The

effectivefback asﬁ éan e 1ﬁmped between the motor output

shaft (webble genr) and paddle shaft.

B.2 Eouations
The eguations used for representation of the solar array drive

motions were the following:

I%:m = Tm il Cmém - Tcm{sigﬁ é)’, A
Ip'ép = -ngﬂ - T, (sigm éip) + A
N = T (sign ;‘ip) - A QIP(?JP + §)
vhere
X, (¢mf, ¢p - ﬁb) for (?m - ¢p) p- ¢b
A=f0 _ for i¢m - ¢bl < B
K, (g - B, + B) for (8- 6 5 f

=,

Np = Torque of solar srray on the main spacecraft.

B.3 Parameter Values -

The parameter values presented in Table B-2 used for the model are

taken from Reference B-l and further testing of the solar array models.

References

B-1. 66.7231.8-121, "Analysis and Test Results of the OGO Solar Array
Drive Assembly Stuvdy," L. C. (leorge, 10 November 1966.



Definition

=3

cp

- Solar orray drive mctor angle
- Paddle angle relative to body
- Puddle eangle relative 1o inertial space

-~ Orbit rate

l")

- Solar array drive error (see Figure c-2)

«_Sun Sensor OQutput (see Figure c-2)
- Faddlevlnertia

- Bun seusor time constant

- Zolar Array bi-stable deadzone

~ Hysteresis of solar array bi-stable

- © - Hysteresis equivalent to solar erray motor
turn off delay time

- hpl + ﬂpZ

- Sclar arvay inhibit logic time delay

- Motor inertia reflected to output shaft (wohbile
gear output)

~ Yotor stall torque reflected to output shal't

- Motor no load speed reflected to output shai'g

ANY

- Motor Coulomb frictidn at.output shaft
- Motqf Viscous friction at outpit shaft

- Backlash between output shaft and solar arviuy
paddle

- Stiffness of interposing surfaces of cutpui ahafg
and solar array peddle

- Coulomb friction at solar array paddle

- Torque imparted to main body by solar array

Teble B-1 Solar Array Drive Nomenclature

B-k -



Max. Variation

D Y ) J 3 o Iy
Item Parameter Nominal Value About Hominal
Sun Sensor T .05  sec b
_________________ e e arbe et e e v e e vn e mrr o e e et e e e e o e e e e ae e e ol o e v e o e o
S.A. Bi-Stable’ de[' 0.9" + 20%
e o : o
npl .21 + 33k
.0 cnd
. +
hpz ..L + 50%
Solar Array T - . )
Tnhibit Logic P 2.0 sec * 50%
_____________________________________ e e — e
2
S.A. Motor T 55.0  slug £t~ | + 20%
T, 35.0 £t 1b + 30%
— w 1.6°/sec + 20%
T 2.0 £t 1b + 100%
) (o4 1) -
C 110 Y/ Gedtene) w00t s0d
m LA 1 .- E 4
S.A. Peddle EN 1% + 100%; -~ 50%
X, 1920 (££-1b)/red | T 100%
Ip 10.% slug f_tz : 50%
T 4 2 ft 1w T 100%

<

Table B-2 Solar Array Drive Parsmeter Values



AFPENDIX C

OPEP MODEL

A complete description of the OPEP control system can ﬁe found
in References C-1 and C-2. For purposes of this study, the block
diagraem of Figure C;i was used for both the analysis and the analog
computer simulstion and is velld for small OPEP error angles. Ths

variocus parameters shown in the diagrams are definsd in Table C-1.

C.1l Assumptions
The assumpltions made in derilving the OPLP motor drive mciel vere

essentially the same as the sclar array drilve (see Appendix B), with

the folicwing addit;pns: . -
1. The effect of drive‘backlash was neglected.
2. The experiment package insritie was neglected.
3. Turn off tiﬁe delay of the bistables was neglected.
L. The gyro could be represented by a first order lag with a 50

millisecond time constant.

C.2 Block Disgram Reduction

The purpose of the following analysis is to demonstrate that the
pulse ratio modulator does provide en effective deéVfEGdback in add-
ition to thie large lag ﬁime4goﬁstant of the filter. A block disgram
of the OPEP control system which was used for the analysis is shown below
in ¥igure C~2. This block dipgram was derived from Figure C-1 by

neglecting the motor Coculemb friction and normalizing the bistable

where
KD = wbod
Kl = KCh
Km - Tms/ m
no Im/ Cm

C~1
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Symbol Definition Value
ée - OPEP angle with respect to bvody
€ - -OPEP error
X1 ~ B1-Stable cutput
XZ - Filter output
X3 - Gyro output
o - Orbit rate Max POGO - .,06? deg/sec
° Max TGO - .097 deg/sec
T - Gyro time ccnstant . 050 sec
I o - ]
ff - Filter time constant ?0.0 s=c
04 - OFEF bi-shable deedzome 17.25 deg/sec
ho - OPEP bi-stable hysteresis 3.4 deg/hr
T - Se send
im, Cm’A*Cm’ w%, Tms e Appendix B

M

Table C-1 . OPEP Nomenclature

C-3
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Figure C-2 - OPEP Control System Dlock Diegram

Since T’P and’rw are much smzll than ~., the time constants of the
54 2 A

gyro and movor are neglected aud the resulting block ddagram is shown

below in Figure C-3. - ) -
" + 1,
§ . £ N ’ N %, 1 l.@ﬁTL< %, %
st My Il e e R e e ] B
bmd 7= i P S S
K, o |
1 =%

i
i

7
i

Figure C-3 - OPEP Control System Tor 7%, > > Vo T

By block diagrem menipulation, without changing the ihbﬁ% and output

of the nonlinearity, the above diasgram was redrawn to the followings

+1

Xp

1

\
\s

N _ X
-~ l —.f*“tﬂz l - Km
+1

™ s

=

l+%$8

1413 "

Figure C-h - Simplified OPEP Control System Block Ilagram

C-lt




where; ¢
T s
. R
Y

It can now bz clearly seen that the pulse ratio modulator intro-
duces lead into the OPEP centrol leop which reduces the destebilizing
effect of the filter phase lag. For the selected pulse ratioc wodulator

configuration, *¥ = 10.1 sec for the POGO orbit.

C.3 OStebllity Analysis

Tt was demonstrated above that the pﬁlse ratio modulator intro-
duces phase lead in sddition to the filter phase lage In this section,
a relationship between the system parameters ls derived to insure that

limit cycle operation will not occur. - ) B

The block dlagram of the OPEP control System is shown in Figure C-h,
where the time constants for the motor and gyro were neglected and
% = 0. Representation of the system in terms of the stale variabies
(yz, yl) makes 1t convenient for vhase plane analysis snd the applic-

ation of point transformation to determine limit c¢ycle operation.

L] e |
‘?..r.w;/; - -y
R 3\ 73 $E~l I‘* 6“” h 1 Yo % yl
N/ ' l i & ==
TR 4 -1 e N
t < B A T | - . 1
- ‘
Figure C-5

The perameters in Figure C.5 are felated_to those used in Figure C-2

by the following :

C-5
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9 Bp LT

: JUY
The OPEP engle ($e) is related to the stalte varizbles by the following

+ I WY

Tc investigate the existence of limit cycle operation, it is sufficient

tc mnglyze the system in the vhasce planz. In terns of the state var-

Land Ut

iezles, the dynamic systém cen be represented by tug follovwing equstions.

- PN

(c-1)

Y1 7 V2
Yy = !_3".5_ -n (1'3)], AR =,;“—,; (c-2)
¥y = = (g #75p) o (¢-3)
= 0, in Region I
n(y3) = -~1.., in Region IT N )
= +1, in Region III - ' I (C-k)
) -

Eg:zation (3) together with the bi-stable nonlinearity define the
switching lines between the regions of the phase plane. Figure C-6
ilZustrates the phase plene with the switching lines vetween the
rezions of operation. Also, a typical phase plane trajectory is shown

for the existence of a limit cycle.

C-6



The trajectoriss in the threce regions of the phase plane

frcin

and are

Figure C-6 Phsse Plane

Reglon IT

Region IIi :

Gy o0y Bypeen ()]
ayy o Y2
Region I Yo f w, Y. © cl

g - = v "
Yp t@pyy = dnly, +1) e

b “ = a1 p -
Yo ¥ ®p ¥y = -Inly, - 1) + e

C.7
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cen e found
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A
Using Equaticns {5) and (6), and the evpropriate switching lines as
indicated on Filgure C-5, a relaticnship which maps state Yoo into Yoo
[# [4

on the phase plane was determined. This napping is given by Equaticn (7).

- ‘ » _.a (2-h) .
{_,l Y0 T TimlT ] exp ["(l 0. 7) Ypo zg)f(l“h)d] B

\Df
(1 +y,,) exp [,'(1"“’57') Yzz] (c-7)

Bacause the nonlinsaxity is symmastric; the limit cycle nust also ts

symmetrle Therelore, for a linit cycle to exist the followlng equab-

ions must be satisfled.

& o - (c-8)

Substituting Equation (8) iuto (7) and defininz the functions Py (y)

and P, (y) one covtains:

P, () = P, (¥) | | (c-9)
vhere
o _d (2-h)
PO (Y) = [:1 + y - '"’g”:‘d};?” ] EXI) Ec ot e
o [1(i-urf-r) y + wa(l-h)dj (c-10)
e () = (1 - y) exp [(l-a)f T) yj _ (c-11)

For a limit cycle to exist, there must be an acceptafale y which will
satisfy Equation (9). It can be seen from Figure C-5 that the accept-

able values for y are all greater than Yy where,

o, d (2-h)
T = _.-? T ) o
Yo T T, (c-12)

c-8



Y

Equation () cannot bz solved; however, by plotting P, (y) snd P, {y)

as g function of y, & relationship necessary for the intersection can

be found. Figure C- Tis a plot of both P (y) end P, (y).

<

» a7
v_):[l-«£—§i§~hl] @ a(2-h)

l~¢TT e

‘ -0y dh
xgwé)—e £

Figure C-T

Because P, (y) <0 fory > 1, and PO.(F) is alvays graater then zero

for 11 y, the curves canpot intersect im the reglon y = 1.

It can

be seen f rom the cheracteristics of the curves P, (y) end P, (y), a

necessary coudltion for there intersection I8 = -

-

Py (7,) < Py (v,)
Therefore, no limit cycle will exist when

. cp (v )

P, (v,) <Py (yaf

or

[ ® . 4 {2-h) 4
R

O | -
T e < exp { Za%d]

¢-9

(c-13)

(c-14)

(c-15)
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Substituting the -system parameters for & and v inte the inzguality of
(

2~h
L (A O LT
o Bye by - 2 1
i~ ""”"L""“‘"é':}“"‘:_ﬂz“"‘" < ey - ;;*'-:':: % J (0”16)
N S £ "1 D :
T 5

- s . ,
From Equation (16) the value of the moduletor Feedback galn necessary

to dnsure that the system will not limit cycle is:

- .t 2-h :

“ e Ky Kp - T <K (c-17)

‘}.-g«: v fKMhD L .
or
) 2-h

4 o= T X - -1 )

h1 f }\M KD (C "'8'
min. 2 .

1e” TR

Figure C-8 1llustrates the minimum values for the modulator feedback

as a function of ¥ KD & ? ) Tor the OPEP paraneters stated In Table

p (
C - 1: ,Fdr the POGO orbit (KD = 0.226" deg_l), the curve indicates

that K, must be greater than 0.35 to insure that the system will not

1
limit cycle. The value of K, chosen in the report was 3.68, this
produces a minimun on time of two seconds.

C-10



tion OF Kl

A Tune

As

18  Stability

C-

Flgure

C~11



Referencen:

C-1

c-2

9352.8-82, "OPEP Contrci System Design Summary, " H.L. Mork
27 August 1962.

2313-0C0%-RV-000, "CGC Attitude Control Subsystem
Description, Logic and Specifications,” D. D. Otten,
L December 1961.

5

\
)



APPENDIX D

SHMATL, ANGLE STMULATION MODELS

The objective of this Appendix 15 to present the computer models
used for the single axis design verification simulations. The assumptions
used in model development, block diagrams for the models, and lists of
nomenclature are provided herein. In addltion, tables defining the

~range of parsemeter varistions are provided.

D.1 Aseumptions

The models and nomenclature for the system dynamics,; solsr srray
drive and OPEP are given in Appendixes A, B and C, rvespectively.
Additionel assumpticns relating to the control torque sources are

listed below.

Gas e

.

a. The gas jets are assumed to respond instantaneously to the
pneumstlc bi-stable commands.

b. Specific-impulse of pas Lo congtent.

Reaction Wheel

8. Reaction wheel daaping due to windage is linear with wheel
- speed. , .

b. The reaction wheel "no-lozd" torque/speed curve of Figure D-1
applies. Momentum stored in the wheel at 1500 REM is 1.66
ft-1b-scc for roll and pitch; the momentuin stored in the yaw
reactio?_wheel 1s 8.33 ft-1b-sec at lSéO’Rﬁ&;~ S

D.Z2 Computer Models

Block diagrams for the roll axls computer models are presented
in Flgures D-2 and D-3; an associated list of nomenclature is presented
in Table D-1. The paramcter values used for the normal mede for roll
is presented in Table D-2; the roll acquisition parameter values are
presented in Table D-3. Similariy block diagrams of fhe pitch and yaw
models are provided by Figures D-4 and D-5. The pitch and yaw pomen-

clature are identieal to roll except € and § are substituted for ¢

D-1
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where neceasary. The parameter velues for pitceh are praseated in
Table D-% end for yaw in Teble D-5. The inhibit logic operation is
descrited; o typical reaction wheel inhibit clrcult is illustrated in
Figure D-6. '

De3 Inhibit Legic Descriptlon

Inhibit schemes are used in the reaction vheel, ges and solar

array control loops. The cperatdon is ag follows:

Ranction Wheel Inhibit

The reaction whnzel Innlbilt prevents a torque command in oppoasition
to the previous torque command from being avolied to the resction
wheel until a fixed 4ime “TW" hes elapsed. Operaticn of the reaction
wheel inhibits are described by the truth tables below. The symbollsm
of the block dlagrom is utilized in the truth teble.

: - +
Iaput o Inhilbit Cv Output of Inhibvit Gwi
+1 : +1. (If time "T$" has elepsad siuce
¢, = ~1)
' 82
+1 . 0 (If time "T " bas not elapsed since
c = -1)
Input to Tnhibit ¢ - .. Output of Tnhibit C 7
1 S -1 {If time "T." has elapsed since
’ ~ o c+ = +1)
w .
-1 : 0 (If time "T;" has not elapsed since
: ' +
C_ = +1)
v
¢ 0

Gas In@ibit

The gas inhiblt prevents a gas correction comnand from being
applied to the gas Jets until the "ssre signed" reaction wheel correct-

ion command has been present for a time durstlon "Tg". Operation of

D-3 -



the gos inhibits ere evp“hﬂ 7 tha truth tablen walug.
R & . R e +
Gas Tomut Cﬂ Cutput ¢f Innhibit qu
R y . i
. e
+1 +1 (I7 C, = *1 continucusly during previous
H
" time duration ”TF”)
g
e . fro T [ 4 I “ v
+1 O (T Cw # +1 continucusly during vprevicus
-
duration "T")

z

o - 0

Gos Input ¢ Cutput of Innibit C o
& - g1
w1 . -1 (5F Cw = -] eontinucusly during pravicus
time duration "T “)
&
= o {ir C; #+1 contirucusly during previcus
duration ")

3
) ' 0

Solar Arrexr Tohibit

The golar array inhiblt prevents e solex array orver comumnd in
opresition to the previous error command from being sopllied to the

H
4

golar array motor untll a tima “TP hos elaspscd. The truth bvelow de-

fine the. operatlon of the inhiuits. ™

Input to ;uh:b (C ) o ' Cutpues of Inhidbic (déz)

+1 ' +1 {If time ""0 has eclapsed since c; a <L)
, + _
w1 O (If tins ”ﬁb” bas not elspsed since

Doty



Input £o Inhibit c}; Qutput of Inhibit cp;
- +
-1 -1 (If time "Tp" has elapsed since cp = 1)
ol T 0 (If. tine "T];" has not elapsed since
+ .
¢ = +1)
LLE - P
0 )
‘\s -
- T

D-5



Symbol Definition

¢c - Shaping filter oubrut
Hw - fomentuwin stored in reaction wheel
N, . 7 - Reaction x?h;eél torque
Kf - Reacticn wheel wiudag:e coefficient
o 75 T, - Filter parameters {refer to block diagram
Figure C-2)
¢dw - Reaction wheel bi-stable deadzone
hw - Reaction vwheel bi-stable hysteresis
’I‘w - Reaction wheel inhibit time delay
, o . -
¢dg = " - Gas bi-steble deedzone
hg : - Gas bi-stable hysteresis
¥ - - (ta3 torgue
& )
Tg - Gas inhibit time delay
Ty : - Sun sensor time constant
‘\r -
. * .
P -

Teble Dl Roll Homenclatured

# For Nomenzlature of boom dynamles and rolar arrsy drive sce
Appendices A and B, respachively.
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b
) — . ; .- e - Payx. Yeriation 1}
Item Peraneter £ Neminal Valus N — oy
; . Arvoul hkominel
Filter o3 10.0 + Z0%
; 0.2 sec + 20%
Tz .
'\J . T
¥ . 1.25  sgec + 20%
Sl il b d e el bl bbbt dedaded b R e Rl e tatala R i T R RN - o n)
Tia 3 h P i ), O + 20°%
Reaction Whesl .1 0ok 0%
o n Gw -
Bi-Stable o
2080 + 33%
\( o
U SN e e e o e e e e oo e e e m e et on e e
4 T ey . -~ ' 7 -
Fesction Wheel RW 052 % lu + 20%; - S50%
Motor 1
o , i
K, 0035 sec +200%; - 100%
- . - v - ~— e o -~
Repetion Wneel T 5.0 sec + 50%
4

™ AP | -
Gas Bl-Stable

Gas Inhibvit
Locic

L b

Composite Inertie

+

......--._.....‘.....,..—..._-l

20%

100%; - 50%

20%

Table D-2
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e e A e e T, . v -

v e w8 va v o mn  a

w st om ot wer . ew vew s am rn we

Max. Variation
Ttem Perameter Neminal Value About Nominal
Filter R 10.0 + 20%
T or 1.25 sec + 20%
Reaction Wheel ]¢ l 1.0 + 20%
s ow dw -
Bi-Stable
o+ .
Ny 002 T 33/0
Reection Wheel Nw .052 Tt 1ib + 20%; - 50%
Notqr
K. .0036 secf?f" +200%; - 100%

O I e L

- st e .. n - o e

384 £+ 1b

A I B . I Paepaap

b - an s an e e M r e a0 ve 48w e D

Y

Table D=3 Roll Sun Acquisition<Parhmeter_Valu$§
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Max. Variation
Ttem Paraneter Hemdngl Value About Nominal
Filter o 10.0 + 20%
7 5.0 sec + 2(_/_4 ___________
: ~0
Reaction Wheel - ludvl ) L.17 + 20%
Bi-Stable o ) °
zrhv 2k + 33%°
Reaction Wheel N ) J10h £t 1b + 20%; - 50%
Motor v
Xe .0036 sec + 200%; -100%
Reaction Wheel T 5 sec + 50%
‘_vr -
il Logie b e e e e
~ O ;
:as8 Ri-St le % . + 20%
¢ 1-Stable !'dgl 5.0 + 20%
o) e . .
- ng :5 - + 33p
Gas Jets N, .71 £t 1b + 20%
Anlaw Paddle T.2 .m .1 Same as nitch axis
» P A =
Antennae LD’ (“_\”(DA’ 11& ; . .
Same as pitch axis
-
____________ S S NN N
9 6 " %
Boorr ¥l Il 210 slug f% + 20%
6 .0025 + 100%; -50%
Tw T 1.51 rad/sec + 20%
---------------- -1—-a--—-—m---—n--oqu--a---------—--—;—-----o-~-~-—---...«n-4a----—-—1
Boom #2 I, 209 slug ft + 20%
¢ 0025 + 100%; -50%
, 1.66 rad/sec + 20%
. ‘ ' .2
Main Body I, 213 slug ft + 15%
Inertia

Table D-5 Yaw Axis Parsmeter Values
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AYPENDIX B

PREDICTION OF SOLAR ARRAY COAST ANGLE

To verify that a limit cycle could be induced in the solar array
loop when the bi-stable dendzone vas 0.5 + .1° , the following simpli-
fied model wes hypothesized. The assumpticns are the following:

1. Paddle is rigidly attached to the motor shaft

2. Sun sensor time constant 1s negligible

3. Motor attains steady-state speed (¢m ) before motcr is com-

manded "off"
From Appendi: B the differentisl equation defining the motion is the
folloving: - - ’
o T
g (T )= T - é (— + ¢ ) 7, (sign ¢

m m @

=

NG
[N
=]
"

T =T + T
c pe me

For bi-stable commanding motor “"on", T = T = motor stall torque.

m ms
et to = time motor is initially commanded to "on'; then
_ X ) Tmn
. (C . '"\:*“ﬁ) - '{)
. . T - T, (sign g) -

g R = (1 - e L )

7 c + mw J
no&
B

T
m
C, + gt - %)

.2
y N X

For the valuas in Table B-2

4 A8y
(Cm ’ 5 N
- - Fe & 1T.7 sec

I



=6 milliseceonds, and for

approximately 5

b
A4
—

ia

A
constant is

n L
§s
L e . -
) T -7 (sign § )
. . ms C m Y . s e\ v
where § = = ; thus, sssumption "(3)" eppesrs valid.
|53 d
k&
55 ¢ 4 n
no o
5
ble commending motor "off", T, = 0 since the excitation
comnand 1s zero.

thz bi-sitable
18 commanded

et t' (time-motor i

- . - -
¢ wending 18 removed wingn
¢

e
fissuming wobtor angular velocity is ﬁm
:
58

to Mofr"),

) . (¢ ¥t ~ %) C (¢t -t
T {giwnn & ) o i i e st e [ SO
. SASIgn W Y = |
Boo= - k”“ﬁ““"“ii‘ 1 - e * ) 4 g e
m m
m 535

=" time when motor stops-coasting. Then, using the above

iet tf =

<

cquetions,

(tp = t%) = in (14 T
T (sign P )

e

1
\O
w

o]

@

¢
-

- .
values of Table 6-2, (tf - t')

§ . = motor ahgle at tf

4- 1
193

i

o] motor angle at

E-2





